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Abstract
Coastal upwelling in the easternmargin and offshore curl-driven upwelling in
the southeastern margin, make the subtropical Northeast Atlantic a region of ma-
jor primary productivity. When examining a broad zonal area, from the coast to
40◦W, we find that the upward transport of nutrients due to offshore curl-driven
upwelling becomes the main control on productivity. Nevertheless, despite its
relatively small zonal extension of about 100 km, coastal upwelling extends its
impact towards the open ocean through offshore Ekman transport and conver-
gence of the meridional flow at Cape Blanc (21◦N). Analysis of hydrographic
data from spring 1973 and fall 1975 shows an export from the coast to the open
ocean of 2.9 Sv of water mass and 53 kmol s-1 of nitrate during spring and 0.6 Sv
and 3 kmol nitrate s-1 during fall in the area south of Cape Blanc.
It is fundamental to improve our understanding of the distribution of the dif-
ferent water masses of the upper thermocline, as they carry the nutrients that will
reach the euphotic layer and sustain primary production. In the study region,
central waters of northern and southern origin meet at the Cape Verde frontal
zone. Northern waters are nutrient-poor and oxygen-rich while local southern
waters are nutrient-rich and oxygen-poor. Here, intense double diffusive mixing
enhances horizontal heat transfer, thus the front appears as a smooth feature in
terms of temperature, but resembles a barrier in terms of other properties such
as salt or nutrients. The application of an Optimum Multiparameter analysis to
hydrographic data collected during November 2007 and November 2008 shows
a sharp front separating the central waters of northern and southern origin. In
contrast, at intermediate layers, the transition between Mediterranean Water and
Antarctic Intermediate Water is smoother.
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Resumen
El afloramiento costero en el margen este y el aforamiento por rotacional del
viento, o bombeo de Ekman, en el margen sureste hacen de esta zona del At-
lantico Norte subtropical una región de principal importancia por su alta produc-
tividad. Examinando una extensiva área, desde la costa hasta 40◦O, encontramos
que el transporte de nutrientes por bombeo de Ekman ejerce un control principal
en la productividad. Por otro lado, aunque la escala zonal del afloramiento cos-
tero es de tan solo unos 100 km, su influencia se extiende hacia océano abierto
gracias al transporte de Ekman y a la convergencia del flujo meridional en Cabo
Blanco (21◦N). El análisis de datos hidrográficos correspondientes a la primavera
de 1973 y el otoño de 1975 muestran una exportación de costa a océano abierto
de 2.9 Sv de agua y 53 kmol s-1 de nitratos durante la primavera, y de 0.6 Sv y 3
kmol de nitratos s-1 durante el otoño en el área al sur de Cabo Blanco.
Entender la distribución de las diferentes masas de agua en la termoclina su-
perior es fundamental, ya que transportan los nutrientes que van a aflorar a la
capa fótica y mantener una elevada producción primaria. En la región de estu-
dio, aguas centrales de origen norte (pobres en nutrientes) y sur (ricas en nutrien-
tes) se encuentran en la zonal frontal de Cabo Verde. Aquí, mezcla por doble
difusión intensifica la transferencia horizontal de calor. Como consecuencia, el
frente aparece como una fuerte barrera en cuanto sal y nutrientes, pero suavizado
en cuanto a la temperatura. La aplicación de un Análisis Multiaramétrico Óp-
timo a un conjunto de datos hidrográficos recogidos durante noviembre de 2007
y noviembre de 2008 muestra el frente como una transición rápida entre las dos
masas de agua centrales. Sin embargo, en las capas intermedias la transición entre
aguas Mediterránea y Antártica es más suave.
ii
Acronyms
AAIW Antarctic Intermediate Water
AC Azores Current
CC Canary Current
Chl:C chlorophyll to Carbon ratio
CORE Common Ocean-Ice Reference Experiment
CSIC Consejo Superior de Investigaciones Científicas
CUC Canary Upwelling Current
CVFZ Cape Verde frontal zone
EBUS Eastern Boundary Upwelling Systems
ENSO El Niño-Southern Oscillation
GD Guinea Dome
GFDL Geophysical Fluid Dynamics Laboratory
IIP Instituto de Investigaciones Pesqueras
ITCZ Intertropical Convergence Zone
MC Mauritania Current
MOM4 Modular Ocean Model version 4
MW Mediterranean Water
NACW North Atlantic Central Water
NADW North Atlantic Deep Water
iii
NAO North Atlantic Oscillation
NEC North Equatorial Current
NECC North Equatorial Countercurrent
OMP OptimumMultiparameter
PU Poleward Undercurrent
SACW South Atlantic Central Water
SLP Sea Level Pressure
SSH Sea Surface Height
SST Sea Surface Temperature
TOPAZ Tracers for Ocean Phytoplankton with Allometric Zooplankton
iv
Contents
Abstract i
Resumen ii
Acronyms iii
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives and thesis outline . . . . . . . . . . . . . . . . . . . . . . . 15
2 Water and nutrient fluxes 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Data set . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Water masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.1 Property-property diagrams . . . . . . . . . . . . . . . . . . 27
2.3.2 Vertical distributions . . . . . . . . . . . . . . . . . . . . . . . 31
2.3.3 Horizontal distributions . . . . . . . . . . . . . . . . . . . . . 35
2.4 Mixing in the Cape Verde frontal system . . . . . . . . . . . . . . . . 37
2.4.1 Large scale instability . . . . . . . . . . . . . . . . . . . . . . 37
2.4.2 Double diffusion . . . . . . . . . . . . . . . . . . . . . . . . . 39
v
2.5 Water and nutrient fluxes . . . . . . . . . . . . . . . . . . . . . . . . 45
2.5.1 Reference level . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.5.2 Dynamic height . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.5.3 Geostrophic velocities and nitrate fluxes . . . . . . . . . . . . 49
2.6 Water and nutrient balances . . . . . . . . . . . . . . . . . . . . . . . 51
2.6.1 Alongshore transports . . . . . . . . . . . . . . . . . . . . . . 51
2.6.2 Cross-shore transports . . . . . . . . . . . . . . . . . . . . . . 54
2.6.3 Closing the balances . . . . . . . . . . . . . . . . . . . . . . . 55
2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3 Meridional changes in water properties 63
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2 Data sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.3 Spatial distribution of water properties . . . . . . . . . . . . . . . . 69
3.4 Water types and optimum multiparameter analysis . . . . . . . . . 76
3.5 Distribution of water masses . . . . . . . . . . . . . . . . . . . . . . . 81
3.6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . 85
4 Physical drivers of interannual chlorophyll variability 89
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2 Satellite data, model output and methods . . . . . . . . . . . . . . . 94
4.3 Satellite −model comparison . . . . . . . . . . . . . . . . . . . . . . 98
4.4 Sea surface height and chlorophyll . . . . . . . . . . . . . . . . . . . 102
4.5 Mechanisms of chlorophyll variability . . . . . . . . . . . . . . . . . 106
4.5.1 Nutrient supply . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.5.2 Coastal upwelling versus offshore upwelling . . . . . . . . . 112
4.6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . 115
vi
5 Conclusions and outlook 119
5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.2 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6 Resumen en español 127
6.1 Introducción y objetivos de la tesis . . . . . . . . . . . . . . . . . . . 127
6.1.1 Introducción . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.1.2 Objetivos y resumen de la tesis . . . . . . . . . . . . . . . . . 143
6.2 Flujos de masa y nutrientes . . . . . . . . . . . . . . . . . . . . . . . 146
6.3 Cambios meridionales en las propiedades de las masas de agua . . 151
6.4 Variabilidad interanual de la clorofila . . . . . . . . . . . . . . . . . 159
6.5 Conclusiones y trabajos futuros . . . . . . . . . . . . . . . . . . . . . 170
6.5.1 Conclusiones . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
6.5.2 Trabajos futuros . . . . . . . . . . . . . . . . . . . . . . . . . . 174
Appendices
A Adiabatic approximation 179
B Double diffusion and the Turner angle 181
C MOM4 and TOPAZ 183
C.1 Modular Ocean Model . . . . . . . . . . . . . . . . . . . . . . . . . . 183
C.2 TOPAZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
References 187
vii
List of figures 205
List of tables 211
viii
Chapter 1
Introduction
1.1 Background
The eastern subtropical North Atlantic is a region of principal importance for
two main reasons. One, a significant fraction of this oceanic area has high pri-
mary production that sustains rich fishery resources. This constitutes an impor-
tant source of food for people and an important sector of the economy. The sec-
ond reason is its connection to global climate. In the eastern subtropical North
Atlantic, subsurface waters come in contact with the atmosphere and exchange
properties like heat and carbon dioxide. Water masses are indeed reservoirs of
heat, salt and dissolved gasses. They also carry inorganic nutrients along their
propagation paths. When water masses upwell to the euphotic layer, the nutri-
ents are utilized and fuel phytoplankton growth.
In the eastern subtropical North Atlantic there are two regions of near-surface
divergence where nutrients are supplied to the euphotic layer, sustaining year-
long high productivity. The first nutrient-source region is the coastal upwelling
system off Northwest Africa, one of the four major eastern boundary upwelling
1
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systems in the world. The second is the Guinea Dome, a cyclone that intensifies
during late summer and fall.
Understanding the distribution of the different water masses in the upper
thermocline and their rate of transfer to the surface layers is thus fundamental,
as they carry the nutrients that will eventually promote primary production. Fi-
nally, knowledge of how the physical dynamics affect nutrient supply will help
elucidate how this system may evolve under a changing climate.
Coastal upwelling
The dynamics of coastal upwelling include a zonal vertical cell and meridional
currents, as depicted in Fig. 1.1. The vertical cell comprises offshore Ekman
transport of waters in the surface layers, upward transport at the coast and a com-
pensating subsurface flow directed onshore. Over the shelf, the shoreward flow
occurs along the Ekman bottom layer. Outside the shelf, this flow is geostrophic,
implying the existence of a meridional pressure gradient (Tomczak and Godfrey,
1994). On encountering the shelf the onshore flow is stopped and the meridional
pressure gradient forces the flow polewards (Poleward Undercurrent) (Barton
and Hughes, 1982).
The alongshore component of trade winds is the main force that drives the
surface flow offshore. When winds are maintained over a few days, a front be-
tween offshore warm waters and recently upwelled cool waters develops; this is
known as the upwelling front. There is an uplift of the pycnocline and a lowering
of the sea surface at the coast. The zonal pressure gradient produces geostrophic
flow and a baroclinic coastal jet sets up in the offshore side of the upwelling front.
2
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Figure 1.1: Schematics of the coastal upwelling dynamics. Trade winds gener-
ate offshore transport of water in the surface Ekman layer (blue lines), causing
an uplift of the pycnocline (gray lines) and a lowering of the sea surface height
at the coast (dashed blue line represents the geoid). Water moves onshore, in
geostrophic balance in the open ocean and along the bottom Ekman layer over
the shelf, to replace the water moving offshore. A baroclinic southward jet devel-
ops in the front between the offshore warmer waters and the upwelled waters,
and a slower barotropic jet sets up onshore. Off NW Africa this alongshore cur-
rent system becomes the easternmost branch of the Canary Current, named the
Canary Upwelling Current. Underneath the coastal upwelling current system,
a northward geostrophic flow is found leaning on the upper continental slope
(Poleward Undercurrent).
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If the winds are maintained for times of the order of one or several weeks, a rel-
atively slow barotropic jet will develop in the poorly stratified waters found on-
shore of the upwelling front. This barotropic flow may sustain several times the
water transport associated with the baroclinic jet (Pelegrí and Richman, 1993).
Main currents and the Guinea Dome
The circulation associatedwith coastal upwelling is confined to a near-shore band
typically less than 100 kmwidth (Allen, 1973). Offshore, the dynamics respond to
the large-scale wind stress curl. Figure 1.2 shows the main circulation patterns in
the eastern North Atlantic Ocean. The North Atlantic Subtropical Gyre (NASTG)
is an anticyclone with eastern and southeastern margins interacting with the up-
welling dynamics. The Canary Current (CC) flows southwards at the eastern
boundary of the gyre. Flowing close to the coast and interacting with the south-
ward upwelling jet is the Canary Upwelling Current (CUC). This constitutes the
true eastern boundary current of the NASTG (Pelegrí et al., 2005, 2006). The CC
detaches from the coast at about 20◦N and turns southwest, feeding the North
Equatorial Current (NEC). Southeast of this lays a relatively isolated region with
slow water renovation, known as the shadow zone (Luyten and Stommel, 1986).
Here we find a current system composed by the westward NEC, the eastward
North Equatorial Countercurrent (NECC) and northward flow in the east (Mau-
ritania Current, MC); this cyclonic circulation flows around the Guinea Dome, an
open-ocean upwelling region forced by the large scale wind stress field (Siedler
et al., 1992; Yamagata and Iizuka, 1995; Elmoussaoui et al., 2005). The nutrient
supply to the euphotic layers associated to the Guinea Dome is a major contrib-
4
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utor to the high productivity of the eastern margin of the subtropical North At-
lantic.
Seasonal variability
The large-scale surface circulation patterns, in particular the extension of the up-
welling region experience seasonal variability related to the meridional displace-
ment of the trade winds belt and the Intertropical Convergence Zone (ITCZ).
Coastal upwelling is present between the Strait of Gibraltar and Cape Blanc
all year long, being most intense south of the Canary Islands (Wooster et al., 1976;
Speth and Detlefsen, 1982; Nykjaer and Van Camp, 1994). During summer, up-
welling intensifies north of the Canary Islands and reaches the Iberian Peninsula
(Fig. 1.2). The NECC is present all along the study region as a zonal flow at
about 8◦N. East of 20◦W, it splits in two branches, one continuing east towards
the Gulf of Guinea, the other branch flowing northward along the African coast
as part of the Mauritania Current (MC), bringing warmer tropical waters (Mittel-
staedt, 1991; Lázaro et al., 2005). The MC reaches its northern-most position at
20◦N. The near-surface flow field comprised by the NEC, NECC and MC forms
a cyclonic recirculation associated with the uplift of the isotherms in the Guinea
Dome (GD). The seasonality of the GD has been described by means of histori-
cal and recent hydrographic data (Mazeika, 1967; Siedler et al., 1992), altimetry
(Lázaro et al., 2005) and model simulations (Yamagata and Iizuka, 1995; Elmous-
saoui et al., 2005).
During winter, the coastal upwelling band occupies a more southerly posi-
tion extending south past Cape Verde, e.g. Fig. 14 in Pelegrí et al. (2006). The
5
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Figure 1.2: Schematic map of the main surface currents in the eastern North At-
lantic Ocean during summer and winter. Blue bands along the coast mark the
occurrence of intense upwelling during each season; during summer the Guinea
Dome (GD) is also shown in blue. The dashed gray line marks the Cape Verde
frontal zone. Current labels: Azores Current (AC), Canary Current (CC), Canary
Upwelling Current (CUC), Mauritania Current (MC), North Equatorial Current
(NEC), North Equatorial Countercurrent (NECC). The Poleward Undercurrent
flows north as a subsurface current along the upper slope, its core typically at
some 200 m depth, in many instances reaching the ocean surface.
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Figure 1.3: Temperature-salinity digram showing water mass types in the central,
intermediate and deep layers of the Atlantic Ocean, from Sverdrup et al. (1942).
coastal jet and CUC reach lowest latitudes as a southward flow along the African
coast between capes Blanc and Verde (Lázaro et al., 2005), providing a connection
between the northern and southern waters (Mittelstaedt, 1991). The strengthen-
ing of the trades at these lower latitudes cause the NECC toweaken andmeander,
and the MC reaches only south of Cape Verde (Fig. 1.2). The cyclonic flow system
around the Guinea Dome is masked by the westward Ekman drift at the surface,
but Siedler et al. (1992) reported that the dome still exist in the subsurface layers.
Water masses
The surface layer in the eastern subtropical North Atlantic (approximately the
upper 100 m) is characterized by high salinities, high dissolved oxygen and low
nutrient concentrations (Fraga and Manríquez, 1974). A particular feature of the
North Atlantic subtropical gyre is the subsurface salinity maximum (e.g. Figs.
7
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2.4 and 2.5). Dense high-salinity surface waters, produced by the excess evapora-
tion over precipitation, subduct due to Ekman transport convergence and winter
convection, and are carried into the large-scale circulation of the subtropical gyre
(Defant, 1936; Bauer and Siedler, 1988).
The water masses of the permanent thermocline are the central water masses
(Sverdrup et al., 1942). These waters originate in the subtropical oceans of both
hemispheres, where surface waters converge and Ekman puming is negative,
and spread towards the equatorial regions. They are recognized in a TS-diagram
by nearly linear TS-relationships (Fig. 1.3). The central waters extend from ap-
proximately 100 to 700 m. NACW have their source in the North Atlantic sur-
face convergence (subducting) zone and reach subsurface waters at lower lati-
tudes through the thermocline circulation (Sarmiento et al., 1982; Kawase and
Sarmiento, 1985). Only water masses formed in the subducting zone during late
winter and early spring may escape the surface layers to be injected in the per-
manent thermocline; during the rest of the year, waters subducted remain in the
mixed-layer as the escape velocities caused by Ekman pumping are less than
the seasonal advance of the mixed-layer thermocline. The vertical extension of
the NACW in lower latitudes will be determined by the densest winter-outcrop
isopycnal within the subducting zone, near σθ = 27.3 (Kawase and Sarmiento,
1985; Reid, 1994).
Emery and Meincke (1986) subdivided the Central Water of the North At-
lantic (NACW) into Eastern (ENACW) and a Western (WNACW) types. The
division reflected different formation regions, south of the Subarctic Front for
WNACW and south of the Iceland-Faroe Front for ENACW. Conversely, Tom-
czak and Godfrey (1994) argued that the temperature-salinity changes observed
8
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across the ocean basin result from environmental variability within the forma-
tion region. Meanwhile, Emery and Meincke (1986) identified only one type of
South Atlantic Central Water (SACW), formed near the Brazil-Malvinas Conflu-
ence region of the Subtropical Convergence. Gordon et al. (1992) and Sprintall
and Tomczak (1993) showed that central water formed in the Subtropical Con-
vergence of the Indian Ocean was an important contributor to the thermocline of
the Atlantic Ocean, entering the Atlantic basin via the Agulhas Current.
SACW travels through the South Atlantic thermocline into the equatorial cur-
rent system and the tropical region of the North Atlantic. The Cape Verde frontal
zone (CVFZ) constitutes the boundary between NACW and SACW and corre-
sponds to the southern limit of theNorthAtlantic thermocline recirculation (Stramma
and Siedler, 1988; Zenk et al., 1991; Arhan et al., 1994). The CVFZ stretches
southwest from 20◦N off the coast of Africa to the Cape Verde Islands, and then
acquires a more zonal orientation as it progressively diffuses out towards the
western side of the basin. Both central water masses occupy the same density
range, with NACW being saltier and warmer than the SACW. As a result the
front is density-compensated and is prone to multitude of intrusions, filaments
and lenses (Zenk et al., 1991; Pérez-Rodríguez et al., 2001; Pastor et al., 2008).
The intermediate layer in the study region, approximately between 700 and
1500 m, is occupied by Antarctic Intermediate Water (AAIW) and Mediterranean
Water (MW). AAIW is formed in the Subantarctic Front and carried with the sub-
tropical gyre of the South Atlantic towards the tropics (Suga and Talley, 1995).
The AAIW is easily identified by low salinities with a salinity minimum cen-
tered at about 800 m depth. Two pathways transport AAIW to the eastern North
Atlantic, one is through the western boundary current system and the Azores
9
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Current (Kawase and Sarmiento, 1985; Tsuchiya et al., 1992). The second path
is through the eastern margin along the African coastline (Machín and Pelegrí,
2009), with a maximum northward penetration during fall (Machín et al., 2010).
MW is formed in theMediterranean Sea and enters the Atlantic through the Strait
of Gibraltar; from here, it spreads north and southwards, influencing the whole
North Atlantic (Worthington, 1976). Its characteristic high salinity and tempera-
ture signature is observed between about 600 and 1500 m depth. Both intermedi-
ate waters meet at about 32◦N (e.g Fig 3.5), with AAIW occupying a depth range
slightly shallower than MW. Source water properties of intermediate waters are
modified by mixing with water above and below, and their TS properties in the
study region appear as local extreme TS values that deviate substantially from
the values found in their formation region (Fig. 1.3).
North Atlantic Deep Water (NADW) is found in the layer below, between
2000 and 4000 m approximately. NADW in the eastern North Atlantic is formed
mainly by the Iceland Scotlan Overflow Water, modified by Labrador Sea Water
and Lower Deep Water (McCartney, 1992; Dickson and Brown, 1994; van Aken,
2000).
Interannual variability and climatic modes
Interannual variability in coastal upwelling has mostly been related to the North
Atlantic Oscillation (NAO) and to El Niño - Southern Oscillation (ENSO) events.
The NAO index is defined as the anomalous difference in sea-level air pressure
between the Iceland Low pressure system and the Azores High pressure system
during the winter season (December through March). An increase in the index
10
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implies a stronger Azores High and increased easterly flow over NWAfrica, lead-
ing to an increase in the wind driven coastal upwelling. Analyzing satellite SST
from 1982 to 2001, Santos et al. (2005) reported a decadal scale shift of upwelling
regime intensity from weak upwelling in 1980’s to intense in the 1990’s, linked to
a shift in the NAO index. Meiners (2007) and Meiners et al. (2010) also found a
positive correlation between the NAO index and the trade winds when studying
impacts of climate variability on black hake dynamics in the Northwest African
coast. Specifically, the NAO index could explain 53% of the variability in the
meridional component of the wind stress off the coast of Mauritania and Senegal
between 1960 and 2004.
Roy and Reason (2001) investigated links between the Multivariate ENSO
Index and SST anomalies and wind stress anomalies off Northwest Africa (be-
tween 10◦ and 20◦N). Their work showed that warm events in the Pacific during
fall and early winter (El Niño conditions) lead to a relaxed state of the wind-
induced upwelling on the eastern side of the Atlantic basin and to warm condi-
tions being observed along the coast ofWest Africa during late winter and spring.
ENSO events also influence the Atlantic equatorial current system and the Guinea
Dome. Lázaro et al. (2005) observed an intensification of the NECC during spring
1997 and 1998, and of the Guinea Dome during summer 1997, associated with the
premature northward displacement of the ITCZ reported by Enfield and Mayer
(1997), and coinciding with a La Niña event in the Pacific.
Trends in coastal upwelling have also been identified by various authors, al-
though they are sometimes contradictory. Bakun (1990) identified a significant
increase in upwelling-favorable wind stress in a location off Northwest Africa at
28◦N from 1946 to 1981. The intensified winds in this site coincided with consis-
11
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tent increases in other sites of the world’s major coastal upwelling systems. They
hypothesized that, in a global warming scenario, as atmospheric greenhouse gas
concentrations increase, there would be an intensification of coastal upwelling
due to an increase in the land-sea pressure gradient. Using proxy temperature
data derived from sedimentary records extending back 2500 years, McGregor
et al. (2007) inferred an anomalous and unprecedented increase in coastal up-
welling off Cape Ghir during the 20th century. Conversely, analyzing QuickScat
wind data from 2000 to 2007, Demarcq (2009) found a decreasing trend in the
meridional component of the wind stress off Northwest Africa. However, this
may only reflect interannual to decadal variability superimposed on a longer time
scale trend.
Primary production
The coastal upwelling region off Northwest Africa is one of the four major East-
ern Boundary Upwelling Systems (EBUS) of the world’s oceans. EBUS display
high productivity and important fishery yields (Pauly and Christensen, 1995).
The subtropical Northeast Atlantic has the largest active zone of all main EBUS,
defined as the area where chlorophyll concentrations are above 1 mg m-3 (Carr,
2002). It is the second most productive EBUS, with an annual primary produc-
tion of 0.33 Gt of Carbon per year, after the Benguela EBUS in the South Atlantic
(Carr, 2002).
Chlorophyll concentrations provide an indirect measurement of phytoplank-
ton abundance and thus numerous efforts have been made to develop an algo-
rithm to derive primary production from remote sensed chlorophyll (Behrenfeld
12
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Figure 1.4: Mean seasonal chlorophyll concentrations (mg m-3) for winter (JFM),
spring (AMJ), summer (JAS) and fall (OND). Black contours mark the 0.2 and 1
mg m-3 chlorophyll isolines. Data corresponds to the SeaWiFS satellite sensor for
the years 1998 to 2007.
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and Falkowski, 1997; Carr, 2002; Marra et al., 2003). Figure 1.4 shows seasonal
chlorophyll concentrations derived from 10 years of SeaWiFS satellite chlorophyll
data. The region between 24◦N and the Strait of Gibraltar displays weak sea-
sonal variability. Chlorophyll concentrations above 1 mg m-3 are confined to the
shelf, despite the year-long upwelling occurrence. The weak offshore extension
of chlorophyll in this region may be caused by nutrient limitation, as the neg-
ative wind stress curl that defines the subtropical gyre depresses the nutricline
(Lathuilière et al., 2008).
The region between 18 and 24◦N also shows a weak seasonality, but in this
case high chlorophyll concentrations extend far offshore all year round. This lat-
itudinal band includes, as the most predominant feature, the Cape Blanc giant
filament (Gabric et al., 1993). During summer and fall, intense offshore trans-
port off Cape Blanc occurs as the result of convergence of the southward CUC
and the poleward MC. In winter and early spring, as upwelling reaches further
south towards Cape Verde, convergence and offshore transport are reduced but
still present (Pelegrí et al., 2006). Filament-like structures that advect chlorophyll
offshore can also be seen off the major capes, such as Cape Ghir, where primary
production reaches values of 5 g C m-2 year-1 (García-Muñoz et al., 2005; Pelegrí
et al., 2005).
Between 18◦N and the Strait of Gibraltar mesoscale features, like filaments
and eddies, and wave processes contribute to the dynamical and biochemical
variability in the region, but they are not discussed here. An extensive analysis of
mesoscale processes is given by Barton et al. (1998) and citetBarton1998a and an
excellent review on propagating waves is provided by Hagen (2001).
The region south of 18◦N presents a large offshore extension of chlorophyll
14
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during winter and spring, when coastal upwelling bring nutrient rich waters to
the surface. During summer, the strengthening of the NECC and the offshore
displacement of the positive Ekman pumping area uplifts the upper layers of the
thermocline, and by fall high primary production can be observed in the GD area
(10◦N 22◦W approximately). Pelegrí et al. (2006) propose a mechanism by which
the subsurface layers in the GDmaintain a high nutrient concentration level. The
GD develops during summer and fall and nutrients that reach the euphotic layer
are utilized. During winter, upwelling-favorable trade winds extend south of
Cape Blanc, and the GD relaxes. The vertical cell associated to coastal upwelling
needs a supply of subsurface waters from the interior ocean, replenishing the
nutrient levels of the GD region.
1.2 Objectives and thesis outline
This Ph.D. thesis contains three central chapters in scientific article format, pre-
ceded by a general introduction and ended by general conclusions. A spanish
summary of the thesis follows, which includes the objectives, methodology, main
findings and conclusions.
A wide range of data sources have been examined. Historical data have been
reanalyzed. We also examine newly acquired hydrographic data and available re-
mote sensed properties such as chlorophyll concentrations and sea surface height.
Finally, an ocean general circulation model coupled to a state of the art biogeo-
chemistry model provides insight into physical mechanisms driving variability
in biochemical properties.
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Chapter 2
Historical hydrographic data from four cruises are combined to produce two data
sets, namely Spring 1973 and Fall 1975, that cover the coastal transition zone be-
tween latitudes 17 to 26◦N. The data was available as printed collections and
thus a digitalization effort had to be made before starting the data analysis. The
hydrography of the zone is described in terms of temperature, salinity, dissolved
oxygen and nitrate concentrations. We explore mixing at the front between north-
ern and southern central waters, and draw attention to the role of double diffu-
sion on enhancing horizontal heat diffusion. Finally, water mass and nutrient
exchanges between the coastal transition zone and the deep ocean are calculated,
differentiating between geostrophic and Ekman contributions.
The questions addressed in this chapter are:
∗ How effective is the Cape Verde front as a barrier between the two central water
masses?
∗ How does the coastal upwelling front interact with the Cape Verde frontal system?
∗ Do water mass and nutrient exchanges between the coastal upwelling region and the
open ocean display seasonal variability?
Chapter 3
An Optimum Multiparameter analysis is applied to hydrographic data collected
during November of two consecutive years, 2007 and 2008. The aim of this chap-
ter is to characterize the meridional distribution of water masses of the central,
16
Chapter 1. Introduction
intermediate and deep water layers during fall. The data set covers the latitu-
dinal range from the Strait of Gibraltar to Cape Verde, with special focus on the
continental slope region, the area north of the Canary Islands and in the Cape
Verde frontal zone.
We will try to answer three main questions:
∗ Does the position of the Cape Verde front vary in time?
∗What is the origin of the subsurface salinity minimum often found in the South Atlantic
Central Water domain?
∗ How is the along-slope latitudinal distribution of central and intermediate water masses
off NW Africa?
Chapter 4
In Chapter 4, we use 50 years of model output from an ocean general circula-
tion model to asses interannual variability in surface chlorophyll and its driving
mechanisms. Satellite-derived chlorophyll concentrations and sea surface height
from 1998 to 2006 are analyzed to validate the model output. A nutrient budget
based on phosphate (PO4) is carried out to measure the relative importance that
each physical component of the budget (meridional, zonal and vertical advec-
tion, and diffusive mixing) has on setting the interannual extension of the region
exceeding 0.2 mg m-3 of chlorophyll. We highlight the importance of bound-
ary shifts between the downwelling domain of the subtropical gyre and the up-
welling domain of the tropical gyre, on setting the offshore extension of the high
chlorophyll region.
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The questions addressed in this chapter are:
∗ Does the state-of-the art numerical coupled MOM4/TOPAZ model properly reproduce
the observed dynamics in the eastern subtropical North Atlantic?
∗What is the dominant nutrient transport amongst vertical advection, horizontal advec-
tion and diffusive mixing?
∗ Is the variability in the vertical nutrient transport originated by changes in the velocity
field or in the vertical nutrient gradient?
∗ Which process plays a more decisive role in the upward nutrient transport, coastal
upwelling or offshore upwelling?
∗ Do shifts in the southeast subtropical gyre boundary determine the area of high chloro-
phyll?
18
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Water and nutrient fluxes∗
Abstract
A historical data set is used to describe the coastal transition zone off Northwest
Africa during spring 1973 and fall 1975, from 17 to 26◦N, with special emphasis on
the interaction between subtropical (North Atlantic Central Water) and tropical (South
Atlantic Central Water) gyres. The near-surface geostrophic circulation, relative to 300
m, is quite complex. Major features are a large cyclonic pattern north of Cape Blanc
(21◦N) and offshore flow at the Cape Verde front. The large cyclone occurs in the
region of most intense winds, and resembles a large meander of the baroclinic southward
upwelling jet. The Cape Verde frontal system displays substantial interleaving that may
partly originate as mesoscale features at the coastal upwelling front. Property-property
diagrams show that the front is an effective barrier to all properties except temperature.
The analysis of the Turner angle suggests that the frontal system is characterized by
large heat horizontal diffusion as a result of intense double diffusion, which results in the
∗extrated from M.V. Pastor, J.L. Pelegrí, A. Hernández-Guerra, J. Font, J. Salat, and M.
Emelianov, 2008. Water and nutrient fluxes off Northwest Africa. Continental Shelf Research,
28:915-936.
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smoothing of the temperature horizontal gradients. Nine cross-shore sections are used
to calculate along-shore geostrophic water-mass and nutrient transports and to infer
exchanges between the coastal transition zone and the deep ocean (import: deep ocean
to transition zone; export: transition zone to deep ocean). These exchanges compare
well with mean wind-induced transports and actual geostrophic cross-shore transport
estimates. The region is divided into three areas: southern (18 to 21◦N), central (21
to 23.5◦N), and northern (23.5 to 26◦N). In the northern area geostrophic import is
roughly compensated with wind-induced export during both seasons. In the central area
geostrophic import is greater than wind-induced export during spring, resulting in net
import of both water (0.8 Sv) and nitrate (14 kmol s-1), but during fall both factors
again roughly cancel. In the southern area geostrophy and wind join to export water
and nutrients during both seasons, they increase from 0.6 Sv and 3 kmol s-1 during fall
to 2.9 Sv and 53 kmol s-1 during spring.
2.1 Introduction
The 1970’s was the International Decade for Ocean Exploration. This interest in
international cooperation was combined with the relevance of fisheries off North-
west Africa to impulse a major program, the Cooperative Investigation of the
Northern Part of the Eastern Central Atlantic (CINECA), aimed at understanding
the ocean environment of this highly productive region. The program involved
near 100 scientific cruises from many nations (Hempel, 1982), mainly focusing in
the continental shelf and slope. As part of this program the Institut de Ciències
del Mar together with other CSIC research teams (at that time Instituto de Inves-
tigaciones Pesqueras, IIP) participated with eight cruises. Despite some of these
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cruises were consecutive in time and had good coverage of the upper ocean in ad-
jacent areas, so far they have always been analyzed separately. A first objective of
this work has been to produce synoptic data sets, of good quality and large-scale
coverage, from these old data sets.
Our region of interest is the upper ocean between the lee side of the Canary
Islands (28◦N) and Cape Verde (15◦N). This is a very complex oceanographic
region, with the top 700 or 800 m occupied by surface and central waters of ei-
ther northern (North Atlantic Central Water, NACW) or southern (South Atlantic
Central Water, SACW) origin (Fraga, 1974; Tomczak, 1981, 1984; Zenk et al., 1991).
Intermediate waters (Antarctic Intermediate Water, AAIW, in the 600 to 1000 m
range andMediterraneanWater, MW, down to nearly 1500 m) andNorth Atlantic
DeepWater (NADW) complete the water column, but their study falls beyond the
scope of this work.
The time-dependent response in the region is characterized by the passage of
different waves (Hagen, 2001, 2005). Along the coast these should be northward
propagating waves, fast as the Kelvin wave and slow as topographically trapped
Rossby waves (Hagen, 2001). At a certain latitude we may find westward propa-
gating Rossby waves (Price and Magaard, 1986; Muller and Siedler, 1992; Siedler
and Finke, 1993; Hagen, 2001, 2005). In this paper we will be concerned with
the steady-state response, for a thorough review of these free traveling waves the
reader is referred to Hagen (2001).
The North Atlantic subtropical gyre is a large-scale anticyclone, with its mar-
gins raising towards the surface. The southeastern margin is the Cape Verde
front while the eastern one is the eastern boundary current system, its eastern-
most branch taking place in the coastal transition zone where upwelling occurs.
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The steady-state connection between the offshore and coastal-upwelling fronts is
controlled by three main factors: the location of the Cape Verde frontal zone, the
intensity and latitudinal extension of coastal upwelling, and the size and location
of the Guinea Dome open-ocean upwelling area.
One of the main features in this region already described in the Introduc-
tion is the Cape Verde frontal system. It stretches southwest from Cape Blanc
to the Cape Verde Islands, and effectively separates relatively new (salty, warm,
nutrient-poor, and oxygen-rich) NACW from the older (fresh, cold, nutrient-rich,
and oxygen-poor) SACW. Running meridionally along the coast we find an ad-
ditional front between the cold upwelling belt and the warmer offshore waters.
South of the Cape Verde frontal zone we find a cyclonic circulation around the
Guinea Dome. The dome and associated circulation move offshore, towards
the central Atlantic, during summer; in winter Ekman pumping intensifies and
moves east (Nykjaer and Van Camp, 1994), merging with the coastal upwelling
zone.
When considering the main controls on the steady-state dynamics, it is im-
portant to keep in mind that the mean field also experiences remotely-forced
interannual and interdecadal variations. Arfi (1985) used local data at 20◦N to
suggest that upwelling intensified from the 60’s to the 70’s. Roy (1991) also pre-
sented results supporting that the 70’s was a period of relative intense upwelling
which decreased in the 80’s. More recently satellite-derived sea surface tempera-
ture (SST) measurements have shown that the 80’s was a period of little interan-
nual variability of the upwelling index (difference in SST between the coast and
the open ocean) off Northwest Africa, with oscillations of a few tenths of a de-
gree (Nykjaer and Van Camp, 1994; Hernández-Guerra and Nykjaer, 1997), but
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that there existed a major shift by the end of the 80Õs into the mid 90Õs, with a
change in the upwelling index greater than one degree (Santos et al., 2005). These
changes are quite important as compared with the mean upwelling indexes for
the 18 to 26◦N band, which range between 1 and 2◦C (Nykjaer and Van Camp,
1994; Hernández-Guerra and Nykjaer, 1997; Santos et al., 2005). The interannual
oscillations in the upwelling index appear to be associated to individual North
Atlantic Oscillation (NAO) events while the interdecadal variations may be re-
lated to sustained NAO events during several consecutive years (Santos et al.,
2005). Our period of interest (March-April 1973 and October-November 1975)
had moderate three-month averaged NAO indexes (Climate Prediction Center,
http://www.cpc.ncep.noaa.gov), which are characteristic for the mild intensifi-
cation observed during the 70’s.
The above brief description of themain circulation patterns immediately points
at several key issues that control the fluxes and large-scale patterns of central wa-
ters along Northwest Africa. The Cape Verde frontal system is characterized by
sharp mesoscalar intrusions of both NACW and SACW (named interleaving af-
ter Barton and Hughes, 1982), how effective is it as a barrier between northern
and southern waters? The coastal upwelling front stretches meridionally un-
til the Cape Verde front, beyond in winter, is there a connection between these
two frontal systems? The coastal transition zone is characterized by vertical up-
welling cells and ubiquitous filaments that effectively transfer nutrient-rich wa-
ters into the nutrient-depleted surface waters of the subtropical gyre, where and
at what rates these mass and nutrient exchanges take place?
In this work we have recovered the data of four historical cruises to produce
two large-scale synoptic data sets. These data sets are extensively analyzed to
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Figure 2.1: Hydrographic stations and selected sections for the spring (left) and
fall (right)data sets. The legend for the sections is as follows: N, north; S, south;
L, along-slope.
investigate the above questions, so that we can improve our understanding and
quantification of the water-mass and nutrient connections in the central waters all
along Northwest Africa. In section 2.2 we briefly describe the original data, and
how it has been assembled to produce spring and fall data sets, and in section 2.3
we plot the data to show the hydrographic conditions in the area during these two
seasons. In section 2.4 we explore what processes are responsible for enhancing
mixing at the frontal system, in section 2.5 we use the data to infer the surface
and subsurface dynamic fields in the region, and in section 2.6 we compute the
along and cross-shore mass and nutrient transports.
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2.2 Data set
The data used in this work were collected by IIP as part of four different hydro-
graphic cruises: Atlor II (March 1973), Atlor III (April 1973), Atlor VI (October
1975), and Atlor VII (November 1975). These cruises stretched along the African
coastline, between 16.5 and 26.1◦N (Fig. 2.1) , and the data were compiled and
published in Cruzado and Manríquez (1974); Fraga and Manríquez (1974); Man-
ríquez and Rucabado (1976); Manríquez and Fraga (1978). Cruises Atlor III and
Atlor VI covered the northern continental shelf and upper slope, limited by Point
Durnford (23.6◦N), Cape Bojador (26.1◦N), the coast and the 500 m isobath. In
these northern cruises the station spacing was about 30 km, and samples were
taken down to 500 m (or to the bottom if shallower) at standard depths. Cruises
Atlor II and Atlor VII ran from 17◦N/16.5◦N (Atlor II/VII) to Cape Blanc (21◦N)
in the region from the continental slope to the 22◦W meridian, and had several
additional stations as far north as 23◦N. In the southern cruises the mean dis-
tance between stations was approximately 80 km, and samples were taken down
to 1000 m (or to the bottom), also at standard depths. During all cruises samples
were taken with either Niskin or Hydro-Bios bottles. Temperature was obtained
using Thermoschneider Wertheim/Main protected and unprotected thermome-
ters, corrected using Hidaka’s equation (Keyte, 1965). Conductivity was obtained
using a Hytech 6220 induction salinometer, and salinity was calculated using
UNESCO’s (1966) equations. Dissolved oxygen was determined using the Win-
kler method (Strickland and Parsons, 1968), and nutrients were measured using a
Technicon autoanalyzer. Other details on instrumentation and some preliminary
analysis for these data sets may be found in Ballester et al. (1972) (Atlor II and At-
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lor III) and Manríquez and Rucabado (1976) (Atlor VI and Atlor VII). Due to their
location and dates, the four cruises may be combined into two data sets (each
with about 80 hydrographic stations) with similar regional coverage, roughly
from north of Cape Verde (17◦N) to Cape Bojador (26◦N). The first data set com-
prises Atlor II and Atlor III, and will hereafter be referred as spring (March-April
1973). The second data set includes Atlor VI and Atlor VII, and will hereforth be
referred as fall (October-November 1975). These data sets allow the intercompar-
ison of two synoptic situations for opposite seasons. One limitation for such an
integrated study is the distinct zonal coverage of the data, as the original northern
and southern cruises were designed to study the upwelling transition zone north
of Cape Blanc and the Cape Verde frontal system, respectively. Nevertheless, all
cross-shore sections extend well beyond the continental slope, so that we may
expect they have good coverage of the coastal upwelling jet and adjacent interior
ocean. Figure 2.1 shows the location of all hydrographic stations, as well as three
selected sections that will be used to illustrate the vertical distribution of hydro-
graphic and chemical properties. The northern section (N, about 25.5◦N) extends
from the shelf to the middle slope (100 km long), the southern section (S, 21◦N)
stretches some 500 km offshore from the continental slope, and the along-shore
section (L, from 16 to 26◦N) runs some 1200 km roughly along the 500 m isobath.
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2.3 Water masses
2.3.1 Property-property diagrams
Figure 2.2 illustrates the potential temperature-salinity (θ-S) relationships dur-
ing both seasons, as obtained using all available stations (hereafter, when talking
about temperature we will actually refer to potential temperature, calculated us-
ing the surface as the reference level). In this figure, as well as in Figure 2.3 , we
have included straight lines that define NACW and SACW (Tomczak, 1981).
The hydrographic stations may be divided in three groups, following a North-
to-South θ-S transition from NACW to SACW: northern, frontal, and southern.
Northern stations, with NACW characteristics, are found north of Cape Blanc in
both data sets (Fig. 2.2 , left). There is also one station in each set at the latitude of
Cape Blanc (20◦N, 500 km offshore in spring; 21◦N, 300 km offshore in fall) that
displays NACW characteristics. Frontal stations, with transitional characteristics
between NACW and SACW, are located off Cape Blanc all the way from the coast
to deep waters, and yet further south in deep waters (Fig. 2.2 , center). South-
ern stations, with SACW origin, are found only south of Cape Blanc. These are
mainly located over the continental slope, probably reflecting the influence of the
poleward undercurrent, although in spring they reach further offshore and two
slope stations displaymixed characteristics at several depths (Fig. 2.2 , right). The
fall data (Fig. 2.2 , bottom) shows high dispersion near the sea surface because of
the presence of the seasonal mixed layer. During this season there are also some
low salinity near-surface values that correspond to the three southernmost sta-
tions (located between latitudes 16.5 and 17◦N, and 75 to 200 km offshore), which
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Figure 2.2: Spring (top) and fall (bottom) potential temperature-salinity diagrams
displaying NACW (left), SACW (right), and intermediate (center) characteristics.
The lines correspond to the two central water masses, as explained in the text.
The insets indicate the location of the stations for each diagram.
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Figure 2.3: Spring (top) and fall (bottom) property-property plots. Dots, triangles
and crosses correspond, respectively, to stations displaying NACW, SACW, and
intermediate characteristics in the temperature-salinity diagrams. The solid lines
correspond to the two central water masses, as explained in the text. In the right
panel the dotted line has the slope of the oxygen-nitrogen stoichiometric Redfield
ratio.
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likely respond to the influence of fresh water from the Senegal River discharge at
16◦N.
In Figure 2.3 we have used exactly the same groups (northern, frontal and
southern waters, indicated with dots, crosses and triangles, respectively) as in
Figure 2.2 to illustrate the distribution of potential temperature, dissolved oxy-
gen concentration (O2) and nitrate concentration (NO3) as a function of salinity
(S), and of O2 as a function of NO3. In this figure we have used all available
stations but exclude the data points for the top 50 m, as the upper-mixed layer
displays surface warm-water characteristics (Fraga and Manríquez, 1974) and is
both nutrient-exhausted as a result of biological activity and oxygen-rich through
contact with the atmosphere (Lamb, 1984). On these plots we have again drawn
straight lines that define the NACW and SACW. As source water values for O2
are not included in Tomczak (1981), we have obtained these from the oxygen con-
centration values of those stations that closely match each water-mass line in the
θ-S diagram. The procedure consists in making a linear regression to the salinity-
oxygen values, from which we then obtain the oxygen concentrations that corre-
spond to the extreme salinity values defined by Tomczak (1981). The O2 values
obtained in this manner are comparable with results from Klein and Tomczak
(1994), and the procedure, when repeated for NO3, shows good agreement with
the water type definitions in Tomczak (1981). The straight lines in Figure 2.3
correspond to the water type values obtained with the above procedure for O2,
and Tomczak’s (1981) values for the other parameters. Table 2.1 summarizes the
property values that characterize the northern and southern central source water
types.
The left panel of Figure 2.3 (θ-S diagram) shows that water characteristics
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change rather smoothly between northern (NACW) and southern (SACW) ends.
The central panels (O2-S and NO3-S diagrams) of Figure 2.3 also illustrate that
most data points lie between the NACW and SACW lines but the frontal do-
main appears to have more sparse coverage, with transition stations (as deter-
mined from the θ-S diagram) now preferentially shifting towards either water
mass. We will come back to this issue in the next section, where we propose that
this feature is the result of intense double diffusion in the Cape Verde frontal sys-
tem (Zenk et al., 1991). The right (O2-NO3 diagram) panel in Figure 2.3 shows
the lines for the two water masses almost as if placed one after the other. The
reason is that oxygen and nitrate are not fully independent variables, as nitrate
increases/diminishes through oxidation/photosynthesis. The two lines, how-
ever, do not have the same slope as the two water masses have very different
ages (Poole and Tomczak, 1999) , the slope for the NACW being similar to that
expected from the oxygen-nitrate stoichiometric Redfield ratio (Takahashi et al.,
1985). Finally, it is worthmentioning that the diagrams involving either dissolved
oxygen or nutrients display substantial scatter around those lines that character-
ize these water masses. This is probably the result of enhanced primary produc-
tion in the upwelling region.
2.3.2 Vertical distributions
In Figures 2.4 and 2.5 we present the spring and fall distributions of T, S, σθ,
O2, and NO3, down to 400 m, along sections N, S, and L (Fig. 2.3 ). Section N
corresponds to pure NACW. During both seasons the T and NO3 isopleths raise
towards the coast, down to 100m during fall and to 200m in spring. The S andO2
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Figure 2.4: Spring distribution of (a) temperature, (b) salinity, (c) density, (d) dis-
solved oxygen, and (e) nitrate on sections N (left), S (center), and L (right). Notice
the change in horizontal scale between adjacent columns (scale halves changing
column to the right).
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Figure 2.5: Fall distribution of (a) temperature, (b) salinity, (c) density, (d) dis-
solved oxygen, and (e) nitrate on sections N (left), S (center), and L (right). Notice
the change in horizontal scale between adjacent columns (scale halves changing
column to the right).
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Table 2.1: Property values that characterize NACW and SACW
NACWU NACWL s.d.a SACW U SACWU s.d.a
(1) T 18.65 11.00 15.25 9.70
S 36.76 35.47 35.70 35.18
NO3 2.10 18.00 22.20 33.00
(2) NO3 0.00 21.97 0.95 18.67 32.49 0.91
O2 5.80 2.58 0.94 1.81 1.30 0.91
(3) S 36.80 35.88 35.81 35.03
O2 4.78 4.12 1.59 1.17
(1) Tomczak (1981). (2) This study. (3) Klein and Tomczak (1994).
a Standard deviation.
distributions, on the other hand, display a shallow subsurface maximum (Bauer
and Siedler, 1988) clearly visible in individual vertical profiles, that results in the
water column looking rather homogeneous down to 150 m.
In section S we find the two central water masses during both seasons. During
spring, SACW is present in the middle and east end of the section, while during
fall SACW is found at both ends of the section. This variability is characteristic
of interleaving in the Cape Verde front (Barton and Hughes, 1982). All prop-
erty isopleths have similar shapes, except potential temperature which displays a
smoother distribution. A shallow subsurface salinity maximum is again present
within NACW.
In section L the Cape Verde front clearly separates NACW from SACWduring
both seasons. The front is located at approximately 21◦N during spring and fur-
ther north, near 22.5◦N, during fall. At the frontal system all properties change
rather abruptly, except density because of the temperature and salinity compen-
sating character. The shape of the S, O2, and NO3 isopleths is quite similar, while
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Figure 2.6: Spring distribution of (a) temperature, (b) salinity, (c) density, (d) dis-
solved oxygen concentration, and (e) nitrate concentration, at 30 m (top) and 200
m (bottom).
the isotherms are much less steep. In the southernmost stations some distortion
in the top 100 m of the S field probably results from river discharge, particu-
larly during fall. A shallow subsurface salinity maximum is again visible within
NACW.
2.3.3 Horizontal distributions
Figures 2.6 (spring) and 2.7 (fall) present the horizontal distributions of T, S, σθ,
O2, and NO3 at two different levels (30 and 200 m). The 30 m T distribution illus-
trates the different seasonal along-shore extension of coastal upwelling. During
spring (Fig. 2.6) upwelling reaches the southernmost portion of our study area
(16.5◦N), while during fall (Fig. 2.7) the southern limit of upwelling is located off
Cape Blanc. The T upwelling signal appears to weaken with depth, though north
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Figure 2.7: Fall distribution of (a) temperature, (b) salinity, (c) density, (d) dis-
solved oxygen concentration, and (e) nitrate concentration, at 30 m (top) and 200
m (bottom).
of Cape Blanc this may be partly due to the limited number of stations in water
depths greater than 100 m. During both seasons the 200 m T distribution shows
the interleaving of warm-salty NACW and coolfresh SACW off Cape Blanc. The
distributions at 100 and 300 m (not shown) indicate that the maximum horizon-
tal gradients at the Cape Verde front occur just below the surface mixed-layer
and decrease with depth, so that interleaving extends through most of the central
water masses.
The remaining panels of Figures 2.6 and 2.7 essentially reproduce the same
picture, with (i) the upwelling band only clearly visible near the sea surface, and
(ii) the high northsouth property gradients resulting from the differences between
the twowatermasses, with SACW less saline and richer (poorer) in nutrients (dis-
solved oxygen) than NACW. As in the vertical distributions, the density shows
small contrasts across the Cape Verde frontal system.
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2.4 Mixing in the Cape Verde frontal system
The results in section 2.3 suggest that the Cape Verde frontal system effectively
behaves as a barrier between NACW and SACW. This front, however, undergoes
two major instabilities acting at very different spatial and temporal scales, which
are responsible for enhancing the exchange of properties. To quantify the fluxes
of central waters off Northwest Africa we need to better understand the character
and magnitude of these processes, this is the purpose of this section.
2.4.1 Large scale instability
The North Atlantic subtropical gyre is an anticyclone characterized by isopyc-
nals raising at its margins. This causes that NACW typically overlay SACW at its
southeastern extreme, in the Cape Verde frontal system. In many cases the front
is greatly deformed, so that at some latitude and density level there is interleav-
ing of the two central water masses. The net effect of this interleaving appears
to be unidirectional entrainment of SACW into the subtropical gyre (Klein and
Tomczak, 1994).
Winter heat exchange is close to zero in the eastern tropical Atlantic at the
latitudes of the Cape Verde front (Bunker, 1976; Hsiung, 1986; Schmitt et al.,
1989), so that the surface water parcels move nearly adiabatically (Appendix
A). This is particularly useful in the coastal upwelling region, where large tem-
perature gradients are present and sequences of SST images may serve to infer
near-surface motions. Figure 2.8 presents two sequences of SST images, averaged
over 5-day intervals, that illustrate coastal upwelling reaching well south of Cape
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Figure 2.8: Sequence of five-day mean SST images spanning from January 11 to
31, 2003 (top) and from January 21 to February 5, 2004 (bottom).
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Blanc, something characteristic of winter months (Pelegrí et al., 2006). These im-
ages indicate the presence of mesoscalar structures (cyclonic/anticyclonic with
cold/warm cores) along the coastal upwelling front, north and south of Cape
Blanc, and suggest they are advected along this upwelling front until reaching
the Cape Verde frontal system.
Convergence of southern and northern waters at the frontal zone produces
offshore export of the relatively cold upwelling waters. The offshore advection
of these upwelled waters results in the development of a giant filament of rela-
tively cool waters, clearly visible in the SST images (Gabric et al., 1993). As the
Cape Verde front is density-compensating the interleaving of water masses at this
frontal region may either arise from the kinetic energy of the flow converging off
Cape Blanc, or simply reflect the offshore advection of the mesoscalar structures
developed along the upwelling front, both north and south of Cape Blanc. These
mesoscale meanders and vortices would penetrate to depths characteristic of the
baroclinic coastal jet (about 200 m), which is typically about half the vertical scale
of most features in the Cape Verde front (some 400 m, Figures 2.4 and 2.5 ), so that
they certainly can only explain part of the frontal variability. In either case, the
ultimate origin of interleaving would be wind forcing over the boundary region
in the eastern subtropical and tropical gyres.
2.4.2 Double diffusion
The unstable vertical distribution of salt in the Atlantic makes its upper ocean fa-
vorable to double diffusion in the form of salt fingers (Klein and Tomczak, 1994;
St Laurent and Schmitt, 1999; You, 2002). This situation is enhanced at the frontal
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Figure 2.9: Spring (top) and fall (bottom) distributions of the Turner angle (be-
tween 45◦ and 90◦) on sections N (left), S (center), and L (right). Notice the change
in horizontal scale between adjacent columns (scale halves changing column to
the right).
system, as salty NACW overlies relatively fresh SACW, so we wonder if double
diffusion may be responsible for the relatively smooth distribution of tempera-
ture as compared with other hydrographic properties such as salinity and nutri-
ents. In order to explore this idea we have computed the vertical and horizontal
distributions of the Turner angle (see Appendix B for more details on the Turner
angle). For the computation of the Turner angle we have used 50 m as the vertical
difference interval (between 0 and 300 m) to obtain the mean state of double dif-
fusion, similar to other studies for the Atlantic Ocean (Schmitt, 1990; You, 2002).
Salt fingeringmay take place when this angle is between 45◦and 90◦, with moder-
ate fingering occurring for angles between 60◦and 75◦, and strong fingering (s-f)
prevailing for angles between 75◦and 90◦.
Figure 2.9 presents the vertical distribution of the Turner angle for the same
vertical sections as in Figures 2.4 and 2.5 . The distribution clearly suggests that s-
f is associated with the frontal system. Section S displays s-f angles in the offshore
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Figure 2.10: Spring (left) and fall (right) distribution of the Turner angle at 225 m.
area during spring, and at the two ends of the section during fall. Section L
shows s-f angles in the northern half, below 100 m during spring and below 200
m during fall. The coastal upwelling band in the northern area, characterized
by Section N, also has high Turner angles between 100 and 200 m depth. The
reason for this is the presence of the subsurface salinity maximum, which makes
this depth range prone to double diffusion. This may actually be an effective
mechanism for diapycnal mixing, helping to maintain the vertical circulation cell
in this upwelling zone.
Figure 2.10 shows the horizontal distribution of the Turner angle at 225 m,
which is close to the depth level (200 m) chosen for the horizontal distributions
of properties (Figs. 2.6 and 2.7 ) and has good coverage of the frontal system. We
could actually choose any horizon between 100 and 300 m and the results would
not change too drastically. During spring Turner angles above 60◦, and even
above 75◦, are found far off Cape Blanc and in the southernmost areas. During
fall, on the other hand, most of the frontal system off Cape Blanc displays high
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Turner angles. Again here wemay appreciate that the northern coastal upwelling
band is characterized by Turner angles greater than 60◦.
Let us propose a simple mechanism that would favor the epipycnal (along-
isopycnal or, because of the density compensating character of the front, near-
horizontal) smoothing of the temperature field in frontal regions, with warm
saline waters overlying cool fresh waters (Figure 2.11). In this figure we only
illustrate the thermal field, although the initial isotherms and isohalines are co-
incident. Suppose the central portion of the front (the most unstable one) un-
dergoes intense fingering, so that downward (downgradient) salt and heat fluxes
take place (Ruddick and Gargett, 2003). The heat flux decreases more rapidly
with depth than the salt flux, as heat diffuses epipycnally (gray arrows in Fig.
2.11), away from the frontal region. In the warm-water side of the frontal re-
gion this flux would oppose the epipycnal down-gradient heat flux (horizontal
black arrows in Figs. 2.11 a and 2.11 c), while in the cold-water side the two
fluxes would add up. As a result the temperature gradients in the warm-water
side would remain essentially unchanged but those in the cold-water side would
decrease substantially.
The enhancement of horizontal heat diffusion in the frontal system would
conceal the original water masses in θ-S diagrams, in opposition to their un-
masked presence in other property-property plots (such as NO3-S where the char-
acteristics of a water parcel remain closer to those of the original water masses).
The property-property plots in Figure 2.3 confirm the presence of NACW in the
surface layers of several slope stations south of Cape Blanc, something not visible
in the more diffusive θ-S distributions (Figs. 2.2 and 2.3 ).
In order to illustrate the above ideas we have prepared Figure 2.12 , which
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Figure 2.11: (a) Schematics of frontal region with horizontal isopycnals (thin dot-
ted lines) and sloping isotherms (thick lines). The initial (dotted) and final (solid)
temperature distributions are shown. (b) Salt (S) and heat (T) vertical fluxes in
the frontal region, illustrating the presence of vertical heat convergence. (c) Ini-
tial (dotted) and final (solid) temperature distribution on isopycnal illustrating
strong-fingering (s-f) and ordinary down-gradient (d-g) heat fluxes.
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Figure 2.12: Spring (top) and fall (bottom) nitrate-salinity (left) and potential
temperature-salinity (right) diagrams. Only data points with intermediate wa-
ter characteristics are included. Squares, triangles and asterisks correspond to
data points with σθ approximately given by 26.5, 27.0 and 27.5, respectively (as
explained in the text), and all other points are shown as dots.
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shows the NO3-S and θ-S diagrams during spring and fall, but now including
only the frontal stations (according to their distribution in the θ-S diagram). Here
we have not included measurements at depths less than 50 m, in order to remove
the effects of the surfacemixed layer. In this figurewe differentiate the data points
with densities close to σθ = 26.5, 27.0 and 27.5 (σθ = 26.5 actually corresponds to all
data points 26.45< σθ < 26.55, and similarly for the other two values). In order to
illustrate how properties change along a density surface, we fit a regression line
to each density value. At the mesoscale the differences between both diagrams
can only arise from different diffusive heat behavior. The figures illustrate that in
the NO3-S diagram the data points remain close to the two original water masses
while in the θ-S diagrams they are distributed rather evenly along the straight
lines. The lack of intermediate nitrate and salinity values indicates that these
properties undergo much less epipycnal diffusion than temperature.
2.5 Water and nutrient fluxes
The vertical upwelling cell drives nutrient-rich subsurface waters to the baro-
clinic zone, where they become accommodated by along-shore water and nutri-
ent fluxes all the way to the Cape Verde front. In this manner the upwelling jet, if
deep enough, may play a decisive role in the along-shore advection of the north-
ern water-masses. The Cape Verde frontal system is usually thought to be the
southern limit reached by the northern waters. This system moves seasonally
several degrees (Stramma and Siedler, 1988), but atmospheric forcing has a much
greater latitudinal oscillation, resulting in large changes in the SACWgeostrophic
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Figure 2.13: Geostrophic velocities across section S in fall, relative to (a) 200, (b)
300, (c) 400, and (d) 500 m.
fluxes south of the Cape Verde front. In this section we explore the central water
and nutrient paths in the region.
2.5.1 Reference level
In order to calculate the geostrophic velocity field we need to select a proper
reference level. For our data sets, where many stations are located in relatively
shallow waters, we have to compromise between deepness, so that the reference
velocities are indeed small, and shallowness, so that our sections reach down to
the selected reference level. Once a reference level is chosen, we may extend it
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to shallower stations over the slope and shelf, through the method described in
Csanady (1979). The main limitation of this method is that it requires the bottom
densities to assure a zero bottom alongshore velocity, which need to be interpo-
lated from the available values.
In Figure 2.13 we illustrate, as an example, the geostrophic velocities in sec-
tion S during fall, with four different reference levels (200, 300, 400, and 500 m).
There are significant differences between the velocity field calculated using the
200 m and 300 m reference levels. The differences, however, decrease greatly be-
tween 300 m and the deeper reference levels. This situation repeats itself for most
transects (not shown), for which reason we have selected the 300 m as an appro-
priate reference level. However, use of such a shallow reference level over the
slope may lead to underestimates of the poleward undercurrent.
2.5.2 Dynamic height
Figure 2.14 shows distributions of dynamic height (referenced to 300 m) at the
sea surface and 100 m, for both the spring and fall data sets. From the dynamic
height differences we may infer the gross transport patterns (per unit depth).
These have been sketched over the dynamic height distribution to provide an
overview of the nearsurface regional circulation. Each arrow corresponds to a
flux of 3.7 ×103 m2 s−1 or, equivalently, to a water transport of 0.37 Sv over a 100
m deep water-column.
The flow patterns are rather complex, similar to those suggested by the se-
quences of SST images in Figure 2.8 . A recurrent pattern for both seasons is the
offshore-inshore cyclonic recirculation that occupies the whole region between
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Figure 2.14: Spring (left) and fall (right) distributions of dynamic height at 0 (top)
and 100 m (bottom), with 300 m as the reference level. On top of these distribu-
tions we have drawn some schematic arrows, each arrow representing a water
transport (per unit depth) of 3.7 × 103 m2 s-1.
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Cape Blanc (22◦N) and Cape Bojador (25◦N), as early described by Mittelstaedt
(1991). The cross-shore sections are not long enough to provide a clear picture of
this flow pattern but, nevertheless, the dynamic heights suggest the presence of
a large meander in the baroclinic southward upwelling jet, possibly as a result of
its intensification in a region of permanent maximum northeasterly winds. In the
frontal system, west of Cape Blanc, the flow pattern differs markedly between
spring and fall. During spring the flow is directed south-southwest while in fall
it is more variable, with many changes in direction apparently associated to the
interleaving. Between Cape Blanc and Cape Verde the flow is again quite differ-
ent in both seasons. During spring it is directed to the north at both depths while
in fall the surface flow is shoreward but weakens rapidly with depth.
2.5.3 Geostrophic velocities and nitrate fluxes
Figures 2.15 and 2.16 show the distributions of geostrophic volume flux (veloc-
ity) and nitrate flux across sections N, S, and L, for the spring and fall seasons,
respectively. The nutrient flux is simply the product of velocity times nutrient
concentration. In section N we find southward surface flow, except for some
spring northward flow over the slope. Below 150 m the flow becomes very weak.
In section S the flow patterns are consistent with the distribution of water masses
(Figs. 2.4 and 2.5): northward flow occurs in the central portion during spring
and at both ends of the section during fall, in areas where SACW predominates.
In section L coastward and seaward flow alternate during spring, while the flow
is directed shoreward over most of the section in fall, in agreement with the dy-
namic topography streamlines (Fig. 2.14).
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The velocity and nitrate flux distributions are very much alike except that the
latter has a subsurface maximum as a result of the nitrate concentrations decreas-
ing towards the sea surface, as they get utilized in the euphotic zone. This differ-
ence would be substantial in the open ocean (Pelegrí and Csanady, 1991) but in
the coastal upwelling zone the near-surface nutrient concentrations remain sub-
stantial so that the volume and nutrient fluxes do not differ greatly.
2.6 Water and nutrient balances
The vertical upwelling cell off Northwest Africa would cause the southward wa-
ter and nutrient transports to progressively increase towards the equator. This
recirculation ends at the Cape Verde frontal zone, in what constitutes the south-
ern limit of the horizontal cell (Pelegrí et al., 2005, 2006). In this section we use the
available data, together with some simplifying hypothesis, to obtain a gross per-
spective of the mass and nutrient balances in our study domain. Convergence in
the coastal transition zone implies export to the deep ocean, divergence implies
import from the deep to the coastal transition ocean.
2.6.1 Alongshore transports
The number of stations between 21 and 23.5◦N is very limited, sufficient to pro-
vide a gross description of the along-shore variations in water masses, but inade-
quate to obtain good estimates of water and nutrient along-shore transports. For
this reason we have divided our region of study in three areas (a northern area,
23.5 to 26◦N; a central area, 21 to 23.5◦N; and a southern area, 18 to 21◦N) and
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Figure 2.17: Hydrographic sections used for water and nitrate along-shore and
cross-shore transport calculations, during spring (left) and fall (right). L is the
same along-slope section shown in Figure 2.1, but here using only the northern
and southern ends, and O is an offshore section south of Cape Blanc. The region
is naturally divided into three areas: northern (23.5−26◦N), central (21−23.5◦N),
and southern (18−21◦N).
have computed the along-shore water mass and nutrient transports only in the
northern and southern areas. For the northern area we have selected only those
sections that stretch offshore beyond the 600 m isobath, a total of five per season.
For the southern sections we have selected all available four sections but have
limited our calculations to their inner portion, such as to include the flow adja-
cent to the slope but leaving aside most of the offshore interleaving area. In this
way we have obtained a total of nine normal-toshore sections, with lengths rang-
ing between some 100 km for the northern sections and 160 km for the southern
ones (Fig. 2.17).
The geostrophic velocity and nitrate flux fields are calculated for all nine normal-
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Figure 2.18: Water mass (top) and nitrate (bottom) along-shore geostrophic trans-
ports (left) and along-shore geostrophic convergence/divergence (right). Posi-
tive values represent northward transport (left), and along-shore divergence or
onshore transport (right).
to-shore sections and integrated to obtain the along-shore geostrophic water and
nitrate transports. As the coastline is oriented south-southwest and the predom-
inant surface winds are northeasterlies, most Ekman transport will be normal to
shore and will contribute very little to the along-shore flow. Thus, the total along-
shore transport should closely correspond to the geostrophic transport arising
from the coastal upwelling jet and, to a lesser degree, from the along-slope un-
dercurrent.
In Figure 2.18 (left) we present the meridional distribution of the calculated
water and nitrate along-shore transports, during both seasons. During spring
a southward transport prevails in the northern area. The maximum southward
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transports take place off Cape Blanc, 1.0 Sv for water-mass and 14 kmol s-1 for
nitrate. In the southern area the transports revert sign, their maximum value
being 1.8 Sv and 38 kmol s-1. During fall we find alternation of northward and
southward transports in both the northern and southern areas. Despite the south-
ward water-mass transport predominates over most northern sections we find
that the mean nitrate transport is very close to zero, this being possible as north-
ward flow usually takes place associated to the poleward undercurrent, where
NO3 is greater than near-surface. Only in the southernmost three sections we
find predominant northward mass and nutrient transports, with maximum val-
ues of 0.5 Sv and 9 kmol s-1 off 19◦N. The presence of northward transport in this
southern region during both seasons (substantially greater in spring) reflects the
intensification of the poleward undercurrent.
2.6.2 Cross-shore transports
Along-shore convergence/divergence, as calculated from the difference in along-
shore transport through consecutive normal-to-shore sections, traduces in cross-
shore export/import. In Fig. 2.18 (right) we present these values for the northern
and southern areas of both data sets. During both seasons the northern area expe-
riences little net water-mass and nutrient exchange between the boundary region
and the deep ocean. The southern area exports substantial amounts of water-
mass and nitrate during spring, with maximum values of 1.7 Sv for water-mass
and 27 kmol s-1 just south of Cape Blanc (20.5◦N). During fall the southern area
shows a rapid latitudinal transition from substantial export at 20.5◦N (0.7 Sv for
water-mass and 7 kmol s-1) to import at 18.5◦N (0.4 Sv for water-mass and 5 kmol
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s-1), and the net exchange is, once again, quite small.
Despite we lack good station coverage for the central area, we may obtain the
watermass and nutrient convergence/divergence for each area by simply con-
sidering the along-shore transports in four cross-shore sections, those located at
the latitudinal ends of the three areas (18◦N, 21◦N, 23.5◦N and 26◦N). For sec-
tions flanked to the east by the African coastline, as those in the northern and (to
a lesser degree) central areas, along-shore convergence/divergence traduces in
cross-shore export/import (across section L). In the southern area, however, our
cross-shore sections do not quite reach the slope so there may also be exchange
with the continental slope and shelf.
During spring the northern area has small convergence/divergence values
while the central area is characterized by moderate water and nutrient diver-
gence (Table 2.2), or import from the deep ocean to the coastal transition zone
(0.8 Sv and 14 kmol s-1). The southern area, on the other hand is characterized
by very intense water and nitrate convergence, 2.8 Sv and 53 kmol s-1, or export
to the deep ocean. During fall there is again little along-shore divergence in the
northern area. The central area, however, has moderate water-mass and nutrient
convergence. As in spring, the southern area is characterized by export to the
deep ocean, but these values are one order of magnitude smaller (Table 2.2).
2.6.3 Closing the balances
Cross-shore exchange may be accommodated through both the geostrophic and
Ekman contributions. The geostrophic cross-shore water-mass and nitrate trans-
ports are calculated in the northern and southern areas by integrating the geostrophic
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Table 2.2: Water (Sv) and nitrate (kmol s−1) transports, integrated for each of the
three areas, for both the spring and fall cruises
Water Mass Nitrate
Spring/Fall Spring/Fall
North GT 0.52 / 0.44 2.7 / 2.9C/D -0.09 / 0.17 0.5 / 1.9
Central C/D 0.77 / -0.17 13.5 / -2.6
South
GTL 1.15 / -0.22 19.2 / -7.9
GTO -1.63 / -1.10 -31.1 / -12.5
GTO − GTL -2.78 / -0.88 -50.3 / -4.5
C/D -2.84 / -0.56 -52.8 / -3.0
GT stands for cross-shore geostrophic transport (negative offshore) through the along-
shore sections. C/D stands for convergence/divergence (negative/positive), that result
in cross-shore transport (negative offshore), calculated as the difference in geostrophic
along-shore transport between adjacent cross-shore sections. South of Cape Blanc we
present the geostrophic transport across both sections L (GTL) and O (GTO).
velocity and nitrate fluxes through the meridional sections delimiting these ar-
eas: section Ln in the northern area and sections Ls and O in the southern area
(the latter is an open-ocean along-shore section, roughly parallel to section Ls,
that stretches some 350 km from 18 to 21◦N, Fig. 2.7 ). Table 2.2 compares these
vertically and spatially integrated geostrophic cross-shore exchanges, with the
above along-shore convergence/divergence values. The agreement is reasonably
good, with differences in volume and nitrate transports being typically about 0.5
Sv and 2 kmol s-1. This gives support to our choice of reference level, and grants
confidence to our estimates of import-export in the central area, calculated solely
from the along-shore convergence/divergence.
The observed differences between along-shore convergence/divergence and
crossshore geostrophic transport in the northern and southern areas may par-
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Table 2.3: Mean (and standard deviation) nitrate concentration (mmol m−3) in
the upper 50 m of the water column, averaged per area, during spring and fall
Spring Fall
North 0.47 (±0.43) 0.81 (±1.01)
Central 7.25 (±2.29) 7.20 (±4.23)
South 3.82 (±2.99) 2.55 (±2.74)
tially be justified because of the Ekman contribution. We do not have actual wind
values for the region during the cruises but, as a reference, we may use the mean
monthly Ekman transports per unit along-shore distance reported by Nykjaer
and Van Camp (1994). As most Ekman transport takes place in the surface mixed-
layer we calculate the associated nitrate transport multiplying water transport by
mean nitrate concentration of the surface mixed-layer. For this calculation we
use, as a gross estimate, the mean concentration values in the uppermost 50 m
for each area (Table 2.3).
The wind-induced transport is indeed of the order of the observed differences
in water transport (Table 2.4 ). This transport is greater in spring, the spring-fall
difference being greatest in the central and southern areas. During spring the
water-mass Ekman transport in the southern area is much smaller than in the
northern area, but the nutrient Ekman transport is almost the same because of
the presence of nutrient-rich surface waters.
Given the approximations involved (shallow reference level, sections of lim-
ited length, and mean rather than synoptic winds) the water-mass balance closes
reasonably. Note, for example, that an error in reference velocity of 0.01 m s-1
for a section 100 km long and 300 m deep corresponds to 0.3 Sv. Further, the
wind-induced transport has a quadratic dependence on the surface winds so that
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Table 2.4: Estimates of Ekman water (Sv) and nitrate (kmol s−1) transports inte-
grated for each area, for both the spring and fall cruises (sign convention as in
Table 2.2)
Water Mass Nitrate
Spring/Fall Spring/Fall
North CD− GT -0.61 /-0.27 -2.2 / -1.0mean wind -0.32 / -0.15 -0.1 / -0.1
Central mean wind -0.51 / -0.24 -3.7 / -1.7
South C/D− GTO + GTL -0.06 / 0.32 -2.4 / 1.5mean wind -0.43 / -0.09 -1.6 / -0.2
These values are obtained both as the difference between along-shore conver-
gence/divergence and cross-shore geostrophic transports, C/D - GT, or from the spring
and fall mean Ekman transports per unit length in the region, mean wind (Nykjaer and
Van Camp, 1994). In the latter case nitrate transport is obtained multiplying the water
transport between adjacent stations by the mean nitrate concentration in the upper 50 m
of the water column and integrating along-shore.
doubling the wind causes the transport to quadruple, i.e. the use of a standard
formula (Wu, 1980) in our region shows that an increase in the wind speed from
4 to 8 m s-1 causes an increase in transport from 0.6 to 2.4 Sv. On the other hand,
nitrate shows some greater unbalances possibly as a result of nutrient utilization
within the same upwelling region. This is also reflected in the standard devia-
tions in top 50 m in Table 2.3.
The fair agreement is due to several conditions that are specific for our study
region. First, the coastal upwelling jet is the predominant velocity signal in the
region, which does not extend vertically beyond some 200 m. Thus, the cross-
shore vertical upwelling cell that connects the interior ocean and the coastal-jet
zone does not reach greater depths. Second, this coastal jet does not extend off-
shore beyond the internal radius of deformation (of about 100 km, equal or less
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than our normal-to-shore stations), so that it is justified to speak about a Canary
Upwelling Current (Pelegrí et al., 2005, 2006). And third, the Ekman contribu-
tion is relatively small as compared with along-shore convergence/divergence,
although it may be important in the nutrient balance of the southern area as a
result of the high surface-nutrient concentrations therein.
2.7 Conclusions
We have combined data from four hydrographic cruises during the 1970s in or-
der to produce two seasonal data sets (spring 1973 and fall 1975) with meridional
coverage off Northwest Africa from 17 to 26◦N. The region is divided in three ar-
eas: southern (18-21◦N), central (21-23.5◦N), and northern (23.5-26◦N). The data
sets have been used with three main purposes: to describe the hydrography of
the zone, to examine mixing processes at the frontal system, and to estimate wa-
ter mass and nutrient export/import between the deep ocean and the coastal
transition zone. The whole region is characterized by shallow (down to no more
than 200 m) coastal upwelling and by the presence of a rather abrupt transition
from North Atlantic to South Atlantic Central Waters (NACW to SACW) in the
Cape Verde frontal system. The frontal position, defined as the intersection of
the S = 36.0 and σθ = 26.5 surfaces, is located roughly off Cape Blanc but moves
north/south during fall/spring. The analysis of two sequences of SST images
suggests that frontal interleaving may partly originate as mesoscale features in
the coastal upwelling front, which converge off Cape Blanc and become trans-
ported westwards.
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Property-property diagrams with stations nearby the Cape Verde frontal sys-
tem illustrate that it effectively behaves as a barrier to all properties but heat.
We have examined these diagrams for four properties (potential temperature,
salinity, nitrate, and dissolved oxygen) and have found that in all diagrams (ex-
cept those using temperature) just a few data points have properties interme-
diate between NACW and SACW, instead most points remain grouped around
the original water masses. The temperature is a striking exception, as its dis-
tribution in vertical sections and in the θ-S diagrams appears as if the diffusion
coefficient for heat was much greater than for other properties. The spatial dis-
tribution of the Turner angle shows that the frontal system is prone to the exis-
tence of double-diffusion in the form of salt fingering. We propose that double-
diffusion is responsible for enhanced horizontal heat diffusion that results in a
relatively smooth distribution of temperature across the front, as compared with
other properties.
The density field is used to estimate the near-surface geostrophic flow pat-
terns in the region. The reference depth used for these calculations is 300 m,
which a simple sensitivity analysis suggests can capture the major elements of
the near-surface flow. During both seasons the flow between Cape Blanc and
Cape Bojador is cyclonic. West and south of Cape Blanc the flow pattern changes
greatly between seasons. West of Cape Blanc the flow is weak and directed south-
southwest during spring and alternates in direction during fall, while between
Cape Blanc and Cape Verde the spring flow is along-shore to the north and weak-
ens in fall.
Nine cross-shore sections in the coastal transition zone are used to estimate the
along-shore water and nutrient transports. From these values we then calculate
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the along-shore convergence/divergence or, equivalently, the exchange between
the upwelling region and the deep ocean in three areas (northern; 23.5−26◦N;
central: 21−23.5◦N; southern: 18−21◦N). These values are finally explained in
terms of cross-shore geostrophic and wind-induced contributions, the former cal-
culated using along-shore sections and the latter estimated with monthly mean-
winds. The overall picture is that presented by the geostrophic fields in Figure
2.14, modified by surface Ekman transport associated to the seasonal varying pat-
tern of northeasterly winds. The northern area, and the central area during fall,
experience geostrophic import and wind-induced export that add up to small net
exchange with the deep ocean, each no more than 0.5 Sv and 3 kmol s-1. The cen-
tral area during spring imports water and nutrients, as geostrophic inflow dom-
inates over wind-induced outflow, of about 0.8 Sv and 14 kmol s-1. The southern
area exports 2.9 Sv and 53 kmol s-1 to the deep ocean during spring, and 0.6 Sv
and 3 kmol s-1 to the deep ocean during fall.
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Meridional changes in water mass
distributions∗
Abstract
An Optimum Multiparameter Analysis is applied to a data set in the eastern boundary
of the North Atlantic subtropical gyre, gathered during the month of November of two
consecutive years and spanning from 16 to 36◦N. This data set covers over 20◦ of latitude
with good meridional and zonal resolution over the whole coastal transition zone. The
contribution from six water types in the depth range between 100 and 2000 m is solved.
In the 100 to 700 m depth range the central waters of southern and northern origin meet
abruptly at the Cape Verde Frontal Zone. This front traditionally has been reported
to stretch from Cape Blanc, at about 21.5◦N, until the Cape Verde Islands, but in our
case it penetrates as far as 24◦N over the continental slope. South of this latitude we
actually find a less saline and more oxygenated variety of southern central water, which
∗submitted to Ciencias Marinas as M.V. Pastor, J. Peña-Izquierdo, J.L. Pelegrí, and A. Marrero-
Díaz. Meridional changes in water properties off NW Africa during November 2007/2008.
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we ascribe to less diluted equatorial waters. In the 700 to 1500 m depth range the
dominant water type is a diluted form of Antarctic Intermediate Water, whose influence
smoothly disappears north of the Canary Islands as it is replaced by Mediterranean Water.
North Atlantic Deep Water dominates below about 1300/1700 m depth south/north of
the Canary Islands, this abrupt change suggesting the existence of different paths for the
deep waters reaching both sides of the archipelago.
3.1 Introduction
The water masses in the eastern North Atlantic have been studied for over thirty
years, since the 1974 pioneering work by Fernando Fraga, leading to a much
improved description of their characteristics and distribution (Fraga, 1974; Tom-
czak, 1981, 1984; Harvey, 1982; Manriquez and Fraga, 1982; McCartney and Tal-
ley, 1982; Talley and McCartney, 1982; Fraga et al., 1985; Pollard and S, 1985;
Emery and Meincke, 1986; J and M, 1988; Zenk et al., 1991; Ríos AF, 1992; Arhan
et al., 1994; Klein and Tomczak, 1994; Pollard et al., 1996; Castro et al., 1998; Poole
and Tomczak, 1999; Hernández-Guerra et al., 2001; Pérez et al., 2001; Machín
et al., 2006; Pastor et al., 2008; Machín and Pelegrí, 2009).
Typically, the data for the above studies have come from either regional or
global cruises. Cruise data have the great advantage that may lead to a de-
scription of water properties in a specific temporal and spatial domain but usu-
ally have important limitations in terms of spatial coverage and resolution, with
global cruises covering large areas but having low spatial resolution and regional
cruises having good resolution but over relatively small ocean regions. In other
cases the data have been extracted from climatological data sets, with rather gross
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spatial resolution (about 1◦ latitude × 1◦ longitude), which results from an opti-
mal spatial interpolation of different cruise data. This procedure solves some of
the coverage-versus-resolution limitations of the original data but inherits diffi-
culties associated to the many different data sources. For example, climatological
data may lead to undesired interpolation artifacts, either as a result of the lack of
data in some particularly sensitive regions or after the combination of different
years and seasons in regions that display substantial temporal variability. This
may be the case for the Canary Basin and the Cape Verde frontal zone (CVFZ),
with high seasonal variability at surface and intermediate levels (Pelegrí et al.,
2005; Machín and Pelegrí, 2009; Machín et al., 2010).
In this work we have combined two single cruises which covered some 2000
km in latitude and 300 km in longitude, extending from the platform to the deep
ocean near the easternmargin of the North Atlantic subtropical gyre. Both cruises
were carried out during the month of November of two consecutive years, 2007
and 2008, so that wewill be looking at fall conditions andmay expect the seasonal
and interannual variability to be minimized. Both cruises hadmedium resolution
in the along-slope or meridional direction (some 50 km) and high resolution in
the cross-slope or zonal direction (between 5 and 50 km), sufficient to detect the
relatively smooth meridional changes and the much faster zonal variations. The
2007 cruise (hereafter CANOA07) covered the region from about 27 to 37◦Nwhile
the 2008 cruise (hereafter CANOA08) sampled from about 16 to 35◦N.
Our objective is to characterize the fall distribution of water masses in the
eastern boundary of the North Atlantic subtropical gyre. There are two main
reasons why the data from the CANOA07 and CANOA08 cruises is very appro-
priate for this characterization: it incorporates sufficient variables (temperature,
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salinity, phosphate, nitrate, silicate and dissolved oxygen) to use a multipara-
metric method, and it has an extensive and high-resolution spatial coverage in
a constrained time interval. Specifically, the cruises had enhanced resolution in
three key areas: near the continental slope, north of the Canary Islands and in
the CVFZ. First, the near-slope region was very well resolved in order to de-
tect both the Canary Upwelling Current (CUC) and the Poleward Undercurrent
(PUC), which respectively are potential paths for meridional transport of waters
of northern and southern origin (Pelegrí et al., 2005, 2006). Second, it had excel-
lent coverage north of the Canary Islands, where Mediterranean Water (MW)
meets Antarctic Intermediate Waters (AAIW) at intermediate levels with sub-
stantial latitudinal interleaving and preferential meridional propagation paths
(Machín and Pelegrí, 2009; Machín et al., 2010). And finally, it also had good
scope of the near-slope region near the CVFZ, where North Atlantic and South
Atlantic Central Waters (NACW and SACW) interleave with lateral and vertical
intrusions (Zenk et al., 1991; Pérez-Rodríguez et al., 2001; Pastor et al., 2008).
Section 3.2 introduces the available data and sets the reference stations and
meridional/zonal transects, while Section 3.3 shows the distribution of properties
in these selected stations and transects. In Section 3.4 we introduce the Optimum
Multiparametric method and explain how we set reference values for the distinct
water masses. In Section 3.5 we illustrate and discuss the spatial changes in the
contribution from the different water masses. Finally, Section 3.6 closes with a
discussion of some relevant features and the conclusions.
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3.2 Data sets
The data used in this work was collected during two cruises carried out as part of
the Corriente de Afloramiento del NOroeste Africano (CANOA) project. In both
cruises the Conductivity-Temperature-Depth (CTD) stations were taken down to
2000 m or the bottom when shallower, with nearly-continuous measurements
of temperature, conductivity, pressure and dissolved oxygen. The original data,
typically several data values everymeter, was eventually averaged to 1 data point
per meter. The probe consisted of a Seabird 9 Plus instrument, with a SBE 3plus
temperature sensor, a SBE 4 conductivity sensor, and a SBE 43 dissolved oxygen
sensor. The CANOA07 cruise took place between October 29 and November 20
onboard R/V García del Cid. A total of 117 CTD stations were occupied between
the Strait of Gibraltar and the Canary Islands (Figure 3.1).
The CANOA08 cruise took place between November 3 and 29 onboard R/V
Sarmiento de Gamboa. The cruise spanned from the Strait of Gibraltar to the Cape
Verde archipelago (Fig. 3.1), with a total of 94 CTD stations.
Water samples were collected at standard depths in 74 of the CANOA07 sta-
tions and in all CANOA08 stations. In both cruises the water samples were frozen
at -20◦C and analyzed later on using a CFA Bran+Luebbe autoanalyser, follow-
ing a modification of the method described by Hansen and Koroleff (1999), in or-
der to obtain the ammonia, phosphate, nitrate, nitrite and silicate concentrations.
Dissolved oxygen was determined with an automatic titrator, based on poten-
tiometric endpoint detection (Outdot et al., 1988), and later used to calibrate the
CTD oxygen values. The average difference between the titration and the CTD
measurement was 0.44 ml l-1 for CANOA07 and 0.63 ml l-1 for CANOA08.
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Figure 3.1: Map showing the stations occupied during the CANOA07 and
CANOA08 cruises and some selected stations and sections discussed in the text.
Stations E5, E41, E54 and E70 are indicated; Meridional section is marked by a
black line; North (32◦N), South (16◦N) and Front (from Cape Blanc to Cape Verde
Islands) sections are enclosed by dotted lines. The inset map shows a schemewith
the main circulation features in central (full lines), intermediate (dashed lines)
and deep (dotted lines) waters. AC (Azores Current), CUC (Canary Upwelling
Current), CC (Canary Current), PUC (Poleward Undercurrent), NEC Northequa-
torial Current), GD (Guinea Dome), MW (Mediterranean Water), AAIW (Antarc-
tic Intermediate Water), NADW (North Atlantic DeepWater), CVFZ (Cape Verde
frontal zone).
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3.3 Spatial distribution of water properties
The spatial distribution of water properties responds to the circulation patterns
in the eastern North Atlantic Ocean (inset in Fig. 3.1). The main distribution pat-
terns change substantially from the upper-thermocline layers, commonly named
central waters, to the lower-thermocline or intermediate layers, and to the deep
waters. In this Section we present the spatial distribution of different proper-
ties using several selected stations and transects located as shown in Figure 3.1.
The selected transects are section North, from the CANOA07 cruise, and sections
Front, South and Meridional, from the CANOA08 cruise (Figs. 3.2 and 3.3 ). Ad-
ditionally, we represent the depth distribution of several properties for stations
E5, E41, E54 and E70, all them from CANOA08 (Fig. 3.4 ).
The northern/southern central waters predominate north/south of the CVFZ.
The NACW domain is characterized by the presence of the southward Canary
Current (CC), with a southward intensification (CUC) and a subsurface counter-
current (PUC) in the coastal transition zone. The CC reaches until near Cape
Blanc where it diverts west as the North Equatorial Current (NEC). The SACW re-
gion is dominated by the Guinea Dome, with a predominant cyclonic circulation
around a large-scale region of intensified Ekman pumping (Klein and Siedler,
1995), where the eastward flowing North Equatorial Counter Current (NECC)
reaches the coast and flows north until it merges west with the NEC (Mittelstaedt,
1991).
The intermediate layers are characterized by the large-scale encountering of
AAIW and MW, the former at a slightly higher level (cores at 800 and 1200 m
north of the Canary Islands). This encountering displays seasonal periodicity,
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Figure 3.2: Distribution of salinity in color scale and dissolved oxygen as black
isolines along sections (a) Meridional, (b) Front, (c) South, and (d) North. White
isolines represent those isopycnals, σθ = 26.46 and 27.14, delimiting the central
water mass layer.
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Figure 3.3: Distribution of phosphates in color scale and silicates as black isolines
along sections (a) Meridional, (b) Front, (c) South, and (d) North. White isolines
represent those isopycnals, σθ = 26.46 and 27.14, delimiting the central water mass
layer.
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with AAIW finding its northernmost expansion in late fall and MW stretching to
the south during winter (Machín and Pelegrí, 2009; Machín et al., 2010). Further
deepwe findwaters of northern origin, here generically grouped under theNorth
Atlantic Deep Waters (NADW) denomination.
The top layer, from the surface down to the potential density level σθ = 26.46
or approximately the upper 100 m of the water column, displays highly variable
θ-S characteristics as the result of coastal upwelling and also due to the presence
of mesoscalar variability in the coastal transition zone. Themesoscale features are
themselves the result of instabilities in the coastal upwelling jet (e.g. Pelegrí et al.,
2005; Pastor et al., 2008) as well as the disturbance of the CC flow by the islands,
prominently the Canary archipelago (Sangrà et al., 2005, 2007, 2009; Machín et al.,
2006). In general this surface layer has relatively high salinity and dissolved oxy-
gen values and is depleted in nutrients (Figs. 3.2 and 3.3 ). A particular feature of
the eastern North Atlantic subtropical gyre is the subsurface salinity maximum
between 50 and 100 m (Figure 3.4), which is formed due to an excess of evapora-
tion over precipitation. It sinks down to the corresponding density levels due to
Ekman transport andwinter vertical convection. Throughout spring and summer
there is surface capping of this salinity anomaly, which then spreads horizontally
over long distances (Bauer and Siedler, 1988).
Immediately below and down to some 600 m (26.46 < σθ < 27.14) we find the
two dominant central waters of our domain, NACW and SACW. The confluence
of NACW and SACW occurs at the CVFZ, which is located in the North Atlantic
because of the year-long northern position of the Intertropical Convergence Zone
(ITCZ, or the Earth’s thermal equator). The Cape Verde frontal system is charac-
terized by an abrupt transition in temperature, salinity, dissolved inorganic nu-
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Figure 3.4: Vertical distribution of potential temperature θ, salinity S, phosphate
PO4, Silicate SiO4, and dissolved oxygen O2, at selected stations displaying dif-
ferent water characteristics. The dots and crosses not only serve to identify the
different stations, they also indicate the sampling depths for inorganic nutrients.
The location of stations E5, E41, E54 and E70 is shown in Figure 3.1.
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trients and dissolved oxygen. These properties are substantially different as a re-
sult of their different origin, the former being relatively young waters (therefore
well oxygenated and nutrient poor) formed at the northern edge of the relatively
saline and warm North Atlantic subtropical basin while the latter being much
older waters of a more remote origin (the subtropical convergence of the South
Atlantic).
The CVFZ has been said to stretch southwest from near Cape Blanc towards
the Cape Verde Islands (see inset in Fig. 3.1, Zenk et al., 1991; Pastor et al., 2008).
In our observations, however, the front appears to begin significantly north of
Cape Blanc, at about 24◦N (Figs. 3.2a, 3.3a). Along the CVFZ there is inter-
leaving, or intrusions of NACW and SACW at different longitudes and depths
(Zenk et al., 1991), favored by the density-compensating character of the temper-
ature and salinity fields. This interleaving is clearly observed in Figures 3.2b and
3.3b, where high salinity-oxygen and low nutrient concentrations, characteristic
of NACW, alternate with low salinity-oxygen and high nutrient SACW concen-
trations.
A remarkable feature of the SACW are the relatively low dissolved oxygen
values, which respond to the high primary production in the surface layers (after
upwelling in coastal waters and within the GD) combined with the long recir-
culation times in this eastern basin, precisely around the GD. This is sharp clear
in the vertical profiles of those stations within (E41) and south (E54 and E70) the
CVFZ, where we find that SACW are characterized by a minimum in oxygen be-
tween about 100 and 500 m. At these depths nutrients are high, although their
maximum corresponds to intermediate waters (see below). An interesting feature
is apparent in station E54, located over the slope along transect South. Down to
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about 400 m this station shows relatively high dissolved oxygen concentrations
and it is substantially less saline than the surrounding SACW, suggesting a less
diluted southern variety. We will return to this issue in the following sections.
Below the central stratum we find the intermediate layers, here again formed
by waters of southern (AAIW) and northern (MW) origin. In general, those sta-
tions near the Strait of Gibraltar show a pronounced salinity maximum between
about 1000 and 1500 m, associated to the presence of MW (Fig. 3.2a,d). The
high salinity, low nutrient values observed 200 km offshore in the northern sec-
tion (Figs. 3.2d and 3.3d) are indicative of a preferential offshore path for MW.
The transition in this stratum appears to be more progressive than in the overlay-
ing central waters, although there are instances of isolated highly-saline Mediter-
ranean lenses in the northern end of the domain. Such an instance was found in
one of the offshore stations during the CANOA07 cruise, just southwest of sec-
tion North (not shown). The 1200 m salinity maximum (S = 36.5) in station E5 is
the clear signature of MW in the northern stations (Fig. 3.4), yet not approaching
the S = 38.4 Mediterranean outflow salinity values.
As we progress south, the intermediate salinity maximum gets eroded and
instead the AAIW characteristics dominate. As in the central stratum, those wa-
ters of southern origin are relatively fresh, cool, and nutrient/oxygen rich/poor
as compared with those of northern origin. This again reflects the relatively long
residence time of the southern waters combined with the influence of the warm
and salty Mediterranean outflow. AAIW appears to propagate north close to
the slope, reaching at least until the Canary Islands, and further nrth in some
instances (Machín and Pelegrí, 2009; Machín et al., 2010). The low oxygen and
high nutrient values in the southernmost stations are likely a result of the long
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path of these waters before reaching the eastern North Atlantic subtropical gyre.
However, it is remarkable that the absolute oxygen minimum occurs within cen-
tral waters (200 to 400 m) while the absolute nutrient maximum is found much
deeper (800 to 1200 m). The different vertical extension of the low-oxygen and
high-nutrient layers is an imprint of the high oxygen concentration of this waters
at origin, i.e. despite their long circulation time and intense remineralization they
retain relatively high oxygen values.
Within the deeper layers we find NADW at all latitudes, with meridional
changes substantially smaller than those within the intermediate and upper lay-
ers. Nevertheless, Figs. 3.2a and 3.3a suggest that the Canary Islands behave
as an obstacle to the propagation of these deep waters, as there are significant
changes in salinity, nutrients and oxygen at depth across the archipielago.
3.4 Water types and optimum multiparameter analy-
sis
Optimum multiparameter (OMP) analysis is a tool to analyse the water mass
mixture in a water sample. The method calculates the contributions from the
original water masses, called source water masses or water types, to the water
sample. The water type contributions to each data point are obtained by finding
the best linear mixing combination in a multi-parameter space (e.g. temperature,
salinity, oxygen and inorganic nutrients) that leads to the observed values. This
is done by minimizing the residuals between predictions and observations, in a
non-negative least-squares sense (Mackas et al., 1987; Tomczak and Large, 1989).
76
Chapter 3. Meridional changes in water properties
The solution of the OMP analysis includes two physical constraints: the contri-
butions from all sources add up to one (mass conservation), and all contributions
must be non-negative.
In this work we use temperature (T), salinity (S), phosphate (PO4), silicate
(SiO4) and oxygen (O2) to resolve the following linear system of mixing equa-
tions:
∑
i
xiθi = θobs + Rθ (3.1)
∑
i
xiSi = Sobs + RS (3.2)
∑
i
xi(PO4)i = (PO4)obs + RPO4 (3.3)
∑
i
xi(SiO4)i = (SiO4)obs + RSiO4 (3.4)
∑
i
xi(O2)i = (O2)obs + RO2 (3.5)
∑
i
xi = 1 (3.6)
where θi,Si,(PO4)i,(SiO4)i,(O2)i are the values for each source water mass and
θobs,Sobs,(PO4)obs,(SiO4)obs,(O2)obs are the observed values, the last equation be-
ing for mass conservation.
Before resolving the system, the water type matrix is normalized to commen-
surate the different variables, and different weights are applied to each variable.
The weights are calculated following Tomczak and Large (1989),
Wj =
σ2j
δjmax
(3.7)
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Table 3.1: Source water mass values used in the OMP analysis for potential tem-
perature θ(◦C), salinity S, phosphate PO4 (µmol/l), Silicate SiO4 (µmol/l), and
dissolved oxygen O2 (ml/l)
θ S PO4 SiO4 O2
NACWU 18.65 36.76 0.25 0.36 4.79
NACWL 11.00 35.47 1.05 5.65 4.26
SACWU 15.25 35.70 1.41 6.92 1.51
SACWL 9.70 35.18 1.94 14.08 1.64
SACW∗ 12.08 35.27 1.62 9.31 1.21
AAIW 6.50 34.90 2.02 22.55 2.73
MW 11.74 36.50 0.67 7.20 4.42
NADW 2.50 34.94 1.40 34.80 5.71
Weight 1 0.86 0.21 0.14 0.15
where σj is the standard deviation of the water type matrix for variable j, a mea-
sure for the ability of variable j to resolve differences in water mass content; and
δjmax is a measure of the environmental variability of the variable j that charac-
terizes the water type, here estimated as the largest variance in variable j for the
definition of any water type. Weights are then normalized to temperature, i.e. a
weight of one is given to temperature and values less than one to the other vari-
ables, and a weight of 10 is assigned to the last equation in order to emphasize
mass conservation (Table 3.1).
An essential component of OMP is the definition of the water type matrix.
We follow the approach of defining values in the vicinity of the study region
rather than at the remote areas of water mass formation. In this way we min-
imize remineralization effects on inorganic nutrients and dissolved oxygen, so
that we may assume that phosphates, silicates and oxygen are approximately in-
dependent and conservative. The values used are given in Table 3.1. The OMP
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analysis is applied to data in the density range 26.46 < σθ < 27.82. Data with
density less than the upper limit have been excluded as their properties may be
altered by atmospheric and biogeochemical processes.
Six source water masses may be discerned in the study area. The upper part
of the water column, down to σθ= 27.14, is dominated by the central water masses
of northern (NACW) and southern origin (SACW). Here we have used those θ-
S characteristics defined by Tomczak (1981) using hydrographic data from the
region 20◦to 26◦N. Due to their formation process, the θ-S relationship for cen-
tral waters is defined by a straight line (Mamayev, 1975). Therefore, in order to
characterize a central water mass in the density range 26.46 − 27.14 we require
two source water types, i.e. for each water mass we need upper and lower end
members (NACWU, NACWL, SACWU, SACWL).
An additional water type of southern origin is detected in the southernmost
part of the study region, on stations along the continental slope above 200 m
depth, in waters having a relative salinity and temperature minimum and oxygen
maximum. This variety, here named SACW∗, has been previously identified as
a regional SACW variety from the tropical region (Fraga and Manríquez, 1974;
Voituriez and Chuchla, 1978; Manriquez and Fraga, 1982). The θ-S characteristics
for SACW∗ have been defined using those southern stations that display a salinity
minimum in the central water mass layer.
Two water masses are found at intermediate layers: MW and AAIW. The θ-
S values for MW have been derived from the WOCE hydrographic climatology
(Gouretski and Koltermann, 2004), by searching the temperature and salinity val-
ues which correspond to the salinity maximum in an intermediate layer within a
region bounded by latitudes 12 and 49◦N and from the coast to 1500 km offshore.
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Table 3.2: Bounding latitudes and densities, and water types used to group the
data in three subsets for the OMP analysis
Group 1 Group 2 Group 3
Latitudes >21◦N <21◦N All latitudes
Density σθ 26.46− 27.32 26.46 − 27.32 >27.32
Water types
NACWU NACWL NACWU NACWL NACWL SACWL
SACWU SACWL SACWU SACWL AAIWMW
AAIWMW SACW∗ AAIW NADW
For the AAIWwe use amodified type defined by Fraga et al. (1985) at about 20◦N,
a variety that was also employed by Pérez et al. (2001) to study the regional wa-
ter masses. Finally, the deep levels of the water column are influenced by North
Atlantic Deep Water (NADW). For this water mass, we have chosen the θ-S point
corresponding to the upper limit suggested by Castro et al. (1998), based on the
deepest limit of MW influence (Harvey, 1982).
Having assigned the θ-S characteristics of the source water types, we deter-
mine their nutrient and dissolved oxygen characteristics using stations in our
data set that closely match each source water type θ-S definition. Two exceptions
are MW, where data from the WOCE climatology have been used, and NADW,
whose values are taken from Castro et al. (1998).
Hence, eight water types are identified in the study domain: NACWU, NACWL,
SACWU, SACWL, SACW∗, MW,AAIW, andNADW.However, from the available
variables a maximum of six source water types may be resolved as contributing
to any observed water mixture. Therefore, we have followed a procedure where
the data set has been divided into three groups, according to their density and lat-
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itude, so that at any location only six water types contribute to the water mixture
(Table 3.2). The first subset includes data above σθ = 27.32 and north of 21◦N, the
second subset groups data points above σθ = 27.32 and south of 21◦N, and the
third subset includes all data below σθ = 27.32.
The above grouping is not arbitrary. The σθ = 27.32 density level has been
taken as the upper limit of NADW influence. By including the lower central
waters, the intermediate waters and the deep water (NACWL, SACWL, SACW∗,
MW, AAIW, andNADW)we find that only 16% of the data above σθ = 27.32 have
a percentage of NADW higher than 10%, with an absolute maximum of 17%. On
the other hand, the central and intermediate layers have been analyzed consid-
ering only the central waters and MW (NACWU, NACWL, SACWU, SACWL,
SACW∗, MW), to conclude that the 21◦N latitude sets a clear boundary between
SACW∗ and MW in the upper part of the water column, i.e. neither MW is found
south of this latitude nor SACW∗ north of it.
3.5 Distribution of water masses
Figure 3.5 shows the contributions of the dominant water masses as a function of
depth and latitude, resulting from the OMP analysis. To produce this figure we
have used all available data, hence this is a zonally smoothed view of the merid-
ional changes. Total SACW is shown as the sum of three end members: SACWU,
SACWL and SACW∗. Similarly, NACW is shown as the sum of NACWU and
NACWL. The central waters dominate throughout the top 650 m of the water
column. The front between SACW and NACW, here defined as where each cen-
tral water mass contributes about 50%, moves from near 24◦N in the top 250 m to
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Latitude [°N]
Figure 3.5: Water mass percentages obtained with the OMP analysis displayed as
a function of depth and latitude. NACW contribution is shown in red, SACW in
green, SACW∗ in black, AAIW in blue color scale, MW in grey, and NADW in
orange. Only contours above 40% are shown, except for SACW∗ where contribu-
tions above 20% are plotted; contour intervals are every 0.2 units.
beyond 25◦N in deeper central layers. In Figure 3.5 the SACW∗ contribution has
also been plotted separately. This water mass is centered at 200 m depth and its
zonally averaged influence (values as large as 20%) reaches as far north as 19◦N.
The SACW∗ contribution becomes highest in the southernmost stations over the
continental slope, in some stations reaching well above a 50% contribution.
From the Strait of Gibraltar to 32◦N, in a layer centered at 1200 m depth, we
find MW percentage contibutions higher than 60%. In some individual stations,
such as E5 (Fig. 3.4), the temperature and salinity is substantially larger, indi-
cating the presence of less diluted MW. AAIW approximately occupies the same
depth-range as MW, although in the encountering region it lays above MW. The
maximum AAIW percentages are found at 900 m in the southernmost stations,
indicative of its southern origin.
NADW contributions above 60% or higher are found at depths greater that
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1500 m for all stations located in the southern half of the study region. North of
28◦N, the latitude of the Canary Islands, percentages of 60% or higher are found
only below 1800 m; above this level, MW contributes significantly to the water
mixture. This latitudinal change suggests that NADW reaches the southern area
via the western basin while its path to the easternmost region is influenced by the
presence of the Canary Islands and the MW.
Finally, in Figure 3.6 we present a θ-S obtained with all available data, with
the data points color-coded as a function of latitude and contour lines for the
50% contribution of the different regional water masses. The color-coded lati-
tude clearly shows the abrupt transition at central layers as compared with the
much more smooth changes at intermediate and deep waters. The contour lines
also indicate which data points are dominated by one single water mass, turn-
ing out to be everywhere except the intermediate layers where the influenced of
both central and deep waters is appreciable. However, the presence of signifi-
cant contributions of central and deep waters at intermediate layers is likely an
artifact of the OMP method, since this method does not take into account the
anisotropic character of mixing. Instead, the OMP method simply looks at dis-
tances in a multi-property space, indistinctly of whether such a distance is along
or across isopycnals. In reality, however, epipycnal diffusion greatly exceeds di-
apycnal diffusion so we may expect that the method may locally overestimate
contributions from vertically adjacent water types.
83
Chapter 3. Meridional changes in water properties
!
SACW*
MW
AAIW
SACW
NACW
NADW
Salinity [psu]
θ 
[°C
]
Figure 3.6: θ-S diagram with all data points from both cruises. The latitude is
color coded and the 50% contour lines for the contribution of the different water
masses are shown. The stars illustrate the MW, AAIW, and SACW∗ water types;
NADW is out of scale and the dotted lines correspond to NACW and SACW.
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3.6 Discussion and conclusions
We have used a combined data set from two November cruises, carried out dur-
ing two consecutive years, to investigate the meridional and zonal changes in
water mass characteristics off NW Africa. In particular, we have examined these
data and WOCE climatological data, first, to characterize the distinct water types
present in this region and, second, to carry out an OMP analysis to determine the
spatial distribution of the contributions of these different water types.
We find that the surface and central waters, down to about 650 m, are domi-
nated by central waters of northern (NACW) and southern (SACW and SACW∗)
origin. The transition between these water types occurs abruptly at the Cape
Verde front, with substantial lateral intrusions or interleaving. Along the conti-
nental slope the water mass composition changes from about 80% of southern
origin to the same proportion of northern origin in about three degrees of lati-
tude. The front tilts northwards with depth, indicating a predominant southward
propagation of NACW in the top layers of the water column.
In this study we have identified and characterized SACW and SACW* as two
varieties of southern waters. The second water type, SACW∗, is less saline and
more oxygenated than the classical SACW, which is suggestive of a more remote
tropical origin with less diluted southern characteristics. SACW∗ is advected east
by the North Equatorial Counter Current at about 8◦N and north by the Mauri-
tania Current (the eastern branch of the cyclonic circulation around the Guinea
Dome), being the principal responsible for any renovation of the southern waters
in the GD shadow zone (Stramma et al., 2005, 2008). The poleward Mauritania
Current is modulated by the position of the ITCZ, intensifying and stretching at
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least as far north as 20◦N in summer and weakening and only reaching 17◦N
during winter (Peterson and Stramma, 1991; Siedler et al., 1992; Lázaro et al.,
2005). Here we have used the diluted regional variety, SACW, to define those
waters south of the front (Tomczak, 1981, 1984; Klein and Tomczak, 1994). In this
manner the front shows up sharply in the changes of water mass composition,
from northern to southern characteristics. If we had chosen this second variety,
SACW∗, to define the dominant water masses in this region (e.g. Manriquez and
Fraga, 1982) then the front would have appeared as a less abrupt contrast between
northern and southern water percentages.
Our work has also shown the complexity of the coastal transition zone, par-
ticularly over the continental slope. During our measurements there was signif-
icant coastal upwelling as far south as 16◦N but the water mass distribution did
not show a southward penetration of NACW through a coastal upwelling jet. In-
stead, the CVFZ was mainly located north of an imaginary line between Cape
Blanc and the Cape Verde Islands, particularly along the continental slope where
it stretched as far as 24◦N. This is likely the result of the penetration of southern
waters as a result of the PUC, which appears to be an important phenomenon in
the area. Actually, it is possible that the PUC accommodates the SACW∗ variety
and transfers it along the slope beyond the CVFZ.
Below 600 m and as deep as 1500 m we find two intermediate water masses,
again of northern (MW) and southern (AAIW) origin. The transition between
MW and AAIW in the intermediate levels is much less abrupt than in the cen-
tral water layer and occurs north of the Canary Islands. In our observations
MW are centered near 1200 m, slightly deeper than AAIW, which are centered
at depths of about 1000 m. The observed large meridional penetration of AAIW
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takes place because our cruises were done in November: Machín and Pelegrí
(2009) andMachín et al. (2010) have reported a strong seasonal signal in the north-
ward penetration of AAIW, which surpasses the Canary Archipelago and finds
its northernmost extension during late fall. North of the Canary Islands there are
Mediterranean Eddies (Meddies, we actually found one in the CANOA07 cruise),
which closely correspond to the undiluted MW type.
Below somewhere between 1300 m, in the southernmost stations, and 1700 m,
in the northernmost stations, we find the 50% NADW contour, which defines the
predominance of this deep water mass. This contour deepens smoothly with lati-
tude except at the location of the Canary Islands where it suddenly plunges some
100 m, suggesting that the deep waters reaching both sides of the archipelago
have followed significantly different paths.
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Chapter 4
Assessing physical drivers of
interannual chlorophyll variability∗
Abstract
Interannual chlorophyll variability and its driving mechanisms are evaluated in the
eastern subtropical North Atlantic, from 10 to 24◦N, and from the coastline to 40◦W.
Nine years of SeaWiFS data are compared with the output from an ocean general cir-
culation model coupled to a state of the art biogeochemistry model. The model’s skill
at simulating seasonal and interannual chlorophyll variability in the study region during
the SeaWiFS era is established. We then assess the drivers of chlorophyll variability in
the model during the last half of the twentieth century by looking at changes in nutrient
supply. A weak positive correlation between chlorophyll concentrations and stratification
in the sunlit layer (top 80 m) is found (r=0.13). To evaluate the driving mechanisms, a
nutrient budget is calculated in the study region within the euphotic layer. We find that
∗in preparation as M.V. Pastor, J.B. Palter, J.L. Pelegrí and J.P. Dunne, 2011. Beyond stratifica-
tion: assessing physical drivers of interannual chlorophyll variability in the eastern subtropical
North Atlantic.
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diffusive mixing of nutrients to the euphotic zone only explains 9% of the variability in
chlorophyll concentrations, while advective nutrient fluxes exert a more important control
on chlorophyll variability. In particular, vertical advection has the strongest correlation
and has also the largest fluxes and anomalies. Two processes are primarily responsible
for the upward flux of nutrients to the euphotic layer that sustain a chlorophyll response.
One is coastal upwelling, determined by the alongshore component of the wind stress. It
occurs in a narrow meridional band (about 100 km wide) adjacent to coast, but further
influences the offshore domain through horizontal Ekman transport and convergence of
the meridional flow. Offshore upwelling driven by positive wind-stress curl during fall
provides the second nutrient source. The curl-driven vertical velocities are smaller than
the coastal upwelling but extend over a broader area. We find that variability in the
position of the boundary separating the upwelling and downwelling domains, mainly dur-
ing winter months, is critically important in setting the offshore extension of the high
chlorophyll region in the eastern subtropical North Atlantic.
4.1 Introduction
The eastern subtropical North Atlantic accommodates one of the most important
eastern boundary current ecosystems in terms of total annual primary produc-
tion (Carr, 2002; Carr and Kearns, 2003). Elevated primary production sustained
by nutrient-rich subsurface waters upwelled in eastern boundary regions sup-
port high fish catches. Altogether, the four major coastal upwelling ecosystems
account for 20% of global marine fish catch despite occupying about 1% of the
global ocean (FAO, 2009). Understanding how productivity in these areas may
vary in a changing and variable climate has important ecological and socioeco-
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Figure 4.1: Maps illustrating chlorophyll (mg/m3) variability at three timescales.
Seasonal variability (a,b) is shown as winter minus summer chlorophyll concen-
trations. Interannual variability (c,d) is shown as February 2000 (February with
maximum satellite averaged chlorophyll) minus February 1998 (February with
minimum satellite averaged chlorophyll). Interdecadal variability (e) is shown
as chlorophyll averaged during the decade 1959 to 1968 minus the average from
1977 to 1986. Left panels correspond to SeaWiFS data, right to model output.
Dark grey contour shows the 0.2 mg/m3 isoline of chlorophyll for winter, Febru-
ary 2000 and the period 1959 to 1968. Light grey contour shows the same isoline
for summer, February 1998 and the period 1977 to 1986.
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nomic implications given the expected increase in fish demand (Delgado et al.,
2003).
The eastern subtropical North Atlantic is themost spatial and temporally vari-
able of the four major eastern boundary current ecosystems (Carr, 2002). The
basin’s eastern limb shows one of the strongest zonal gradients of chlorophyll
in the world’s ocean (e.g. Fig. 2 in McClain, 2009). The large-scale wind-stress
field drives downwelling in the subtropical gyre, which results in a deep pycn-
ocline and nutricline, and consequent low surface chlorophyll (<0.07 mg/m3).
Along the basin’s eastern margin, the wind forcing causes divergence of the hor-
izontal ocean currents as a result of both Ekman transport along the coast and
offshore curl-driven Ekman pumping (McClain and Firestone, 1993). The up-
ward velocities induced by this coastal Ekman transport and Ekman pumping
bring nutrient-rich waters to the euphotic layer, through a combination of along-
isopycnal and diapycnal transfer, sustaining high chlorophyll concentrations at
the basin’s eastern margin (Pelegrí et al., 2006). In a warming environment, con-
ditions in the subtropical gyre and in the coastal upwelling region may evolve
differently. Coastal upwelling rates have been projected to increase due to an
increased land-sea pressure gradient (Bakun, 1990; Bakun et al., 2010). On the
other hand, increased stratification in oligotrophic gyres (a possible consequence
of warming) is thought to reduce upward mixing of nutrients and decrease pho-
tosynthesis (McClain et al., 2004; Gregg et al., 2005; Behrenfeld et al., 2006; Polov-
ina et al., 2008). However, the link between declines in surface chlorophyll and
increased stratification has most often been inferred from correlations between
chlorophyll and sea surface temperatures, leaving the underlying physical mech-
anisms unexplored. Furthermore, a debate exists about the recently observed
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variability being a climate-change induced trend (Polovina et al., 2008; Irwin and
Oliver, 2009) or part of a multidecadal oscillation (Martinez et al., 2009). A recent
study of satellite ocean color data and output from three biogeochemical mod-
els suggested distinguishing between climate-change driven trends and natural
variability will require about 40 years of continuous satellite chlorophyll mea-
surements (Henson et al., 2010).
Surface chlorophyll in the eastern subtropical North Atlantic has a marked
seasonal cycle; yet, interannual variability can be as large or larger than the sea-
sonal changes (Fig. 4.1). In this paper, we use 49 years of output from an ocean
general circulation model, coupled to a state of the art biogeochemistry model, to
explore the physical mechanisms that drive interannual chlorophyll variability
in this region. The use of models allows in-depth study of several hypothesized
physical drivers of chlorophyll variability such as changes in stratification and
the large scale wind field. The model’s skill at simulating chlorophyll spatial and
temporal variability in the study region is first tested by comparing its output
to nine years of Sea-viewing Wide Field-of-View Sensor (SeaWiFS) data (section
4.3) and satellite measurements of sea surface height (section 4.4). We examine
links between chlorophyll and sea surface height to explore the premise that sea
surface height gives an insight to possible mechanisms explaining chlorophyll
variability. Finally, we asses the drivers of chlorophyll variability in the model
output during the last half of the twentieth century. Specifically, we test various
hypothesis in section 4.5 through the assessment of each term in a nutrient bud-
get. The conclusions are presented in section 5, including a discussion about the
role of subtropical gyre boundary shifts.
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4.2 Satellite data, model output and methods
We use Level 3 SeaWiFS monthly chlorophyll downloaded from oceancolor.
gsfc.nasa.gov at 9 km resolution for the period November 1997 to December
2007. Absolute dynamic topography (SSH), produced by Ssalto/Duacs and dis-
tributed by Aviso, with support from Cnes, is downloaded from http://www.
aviso.oceanobs.com/duacs/. It corresponds to merged data from Topex/ Posei-
don and ERS satellites. We averaged the original weekly data onto monthly, then
smoothed the 1/3◦ spatial resolution with a 3x3 (1◦x 1◦) boxcar filter to reduce
mesoscale features.
The general ocean circulationmodel used is Version 4 of the Geophysical Fluid
Dynamics Laboratory’s Modular Ocean Model (MOM4) (Griffies et al., 2008),
forced with the Common Ocean-Ice Reference Experiment (CORE) data set (Grif-
fies et al., 2009; Large and Yeager, 2009). We use version 2 of the CORE reanalysis
effort, which includes six-hourly interannual varying meteorological fields for
the period 1958 - 2006 (10 m air temperature, humidity, air density, zonal wind,
meridional wind, and sea level pressure). Daily varying shortwave and long-
wave radiative fluxes are available from 1983 and monthly varying precipitation
since 1979. Prior to those years, data are filled with the climatological annual cy-
cle. Continental runoff is available as a climatological annual mean. The ocean
model has fifty levels in the vertical direction, a longitudinal resolution of 1◦ and
a latitudinal resolution varying between 1◦ in the extratropics and 1/3◦ on the
equator. This simulation uses the Boussinesq approximation and therefore steric
effects do not influence the sea level height. Steric effects include the expansion or
contraction of the water column due to temperature or salinity changes. MOM4
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has the ability to respond to atmospheric loading. However, for various reasons,
most coupled models do not actually apply the sea level pressure (SLP) on the
ocean. One reason is that interpolating SLP to the ocean can be fraught with er-
ror, especially next to land-sea boundaries where land has high elevation. There-
fore, the model does not consider variations in SLP, so that all changes in SSH
respond to the ocean internal dynamics. The simulation was initialized from hy-
drographic mean properties taken from the World Ocean Atlas 2001 (Conkright
et al., 2002). It was spun-up for 348 years with forcing from a climatological year
calculated using the mean CORE data during the years 1958-1977 before the final
loop with the 49 years of CORE interannual variability was integrated.
The biogeochemical component is given by the model Tracers for Ocean Phy-
toplankton with Allometric Zooplankton (TOPAZ), which simulates prognosti-
cally all major nutrient elements (N, P, Si and Fe). The ecosystem is based in
three classes of phytoplankton. The small class dominates when growth rates are
low; this size class resists sinking. Large phytoplankton represent diatoms and
other phytoplankton that bloom and sink quickly. Finally, diazotrophs fix nitro-
gen directly. Phytoplankton growth rates are modeled as a function of variable
chlorophyll to carbon ratios and colimited by nutrients and light. Amore detailed
description can be found in Appendix C.
We use the distance from the coast to the 0.2 mg/m3 isoline of chlorophyll
(DCHL) to characterize the size of the high chlorophyll region between the olig-
otrophic subtropical gyre and the African coast. Larger distances indicate a larger
area with chlorophyll higher than 0.2 mg/m3. Studies on chlorophyll variabil-
ity in coastal upwelling systems generally have defined the areas of high pro-
ductivity as those having >1 mg/m3 (e.g. Nixon and Thomas, 2001; Carr, 2002;
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Demarcq et al., 2007; Lathuilière et al., 2008), while studies on the oligotrophic
subtropical gyres have focused on surface waters having less than 0.07 mg/m3 to
limit the study region (e.g. McClain et al., 2004; Polovina et al., 2008). By studying
the area defined bywaters exceeding 0.2mg/m3, we cover an intermediate region
between the oligotrophic regime in the subtropical gyre and the chlorophyll-rich
coastal regime. We repeated the analysis using other chlorophyll isolines that fall
within the same region (from 0.1 to 0.3 mg/m3) and found little change in the
qualitative and quantitative results reported here.
The distance from the coast to the 37 cm isoline of sea surface height (DSSH) is
used to study sea surface height (SSH) variability using satellite data. For model
output the isoline used is -18 cm, as this one corresponds approximately to the
37 cm isoline in the satellite data (Fig. 4.2). Given that SSH increases towards the
center of the subtropical gyre, higher distances mean a larger area in the study
region with SSH lower than the given isoline. Remote sensed AVISO absolute
dynamic topography is obtained by adding the sea level anomaly to a mean dy-
namic topography calculated by combining altimetry, in-situ data and a modeled
geoid. In the model, the surface of the ocean at rest is taken as the zero level and
SSH at a given time step is given as a departure from this level.
We use the model output to look at the physical mechanisms that may cause
interannual changes in the size of the high chlorophyll area through variable nu-
trient supply into the study region: coastal Ekman transport, Ekman pumping,
or mixing of nutrients into the euphotic layer.
The volume of water upwelled due to coastal Ekman transport (Vcoast, m3/s)
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is calculated as
Vcoast = −
∫
L
τs
f ρw
dy, (4.1)
where τs is the component of the wind stress parallel to the shelf break (N/m2,
positive northwards), L (m) is the coastline length, f is the Coriolis parameter
(s−1) and ρw is the water density (kg/m3). The shelf break is taken as the 200 m
isobath and ρw is taken as a constant value of 1025 kg/m3. Wind stress values are
taken from the CORE reanalysis product used to force the ocean model.
Vertical velocities driven by Ekman pumping (we, m/s) are calculated as
we = curlz(
τ
f ρw
), (4.2)
where τ is the vector wind stress and the subscript z indicates the vertical com-
ponent of the curl. The volume transport (Vcurl, m3/s) related to this process
is obtained by integrating the vertical velocities (we) over the area of the study
region (10 to 24◦N, 40◦W to coast).
We look at the relative importance of nutrient supply to the top 80 m in the
study region through lateral advection, vertical advection and mixing. The 80 m
depth horizon is close to the average euphotic layer depth, calculated as the depth
of the 1 Watt irradiance. Phosphate (PO4) is used for the calculations, although
it would be nearly equivalent to use nitrate as they are highly correlated in the
model (r=0.99, p<<0.01). The time rate of change of phosphate is given by:
∂PO4
∂t
= −∇ · (uPO4) +mixing+ jPO4, (4.3)
where∇· (uPO4) = ∂(uPO4)∂x + ∂(vPO4)∂y + ∂(wPO4)∂z , is the divergence of the phos-
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phate flux vectoruPO4 = (uPO4, vPO4,wPO4).
The mixing term in equation (4.3) encompasses all mixing arising as a result
of subgridscale processes, and includes the vertical mixing scheme of Bryan and
Lewis (1979), convective adjustment (Rahmstorf, 1993), K profile parameteriza-
tion (KPP) mixing (Large et al., 1994) in the vertical, and isoneutral diffusion,
primarily in the horizontal (Griffies et al., 1998). The last term in equation (4.3),
jPO4, represents the biological sources minus the sinks of PO4, i.e. the reminer-
alization of particulate and dissolved phosphorus minus phosphate uptake by
phytoplankton (see Appendix C, Fig. C.1). The archived model data nearly al-
lows the calculation of a balanced nutrient budget. However, a term used to filter
sea surface height anomalies to reduce barotropic motions produces tracer trans-
port at the surface that is not included in the above terms. As a consequence,
about 3% of the PO4 variance is not explained by the budget. Also, note that the
nutrient budget terms were archived from an equivalent simulation that was run
from 1959 to 2004 and therefore years 1958, 2005 and 2006 are missing.
4.3 Satellite−model comparison
To test the model’s ability to reproduce the observed spatial and temporal pat-
terns of chlorophyll variability, we compare the distance to the 0.2 mg/m3 isoline
of chlorophyll in the model to the satellite data for the period November 1997
to December 2006. The modeled climatological year (Fig. 4.3) shows same sea-
sonality as satellite data, except for an overestimation of distances north of 24◦N
from January to March. We therefore focus our analysis on the region south of
24◦N where the model’s fidelity to the data is strongest. Elsewhere, the overall
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Figure 4.2: Climatological maps (average from November 1997 to December
2006) of SSH (top) and temporal correlation of SSH and chlorophyll monthly
anomalies (bottom). In the maps, the study region is enclosed in a white rectangle
and the black isoline is 37 cm for satellite data and -18 cm for model output. Each
data point in the scatterplots corresponds to the spatial averages over the study
region of monthly anomalies.
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Figure 4.3: Hovmöller plots (latitude vs. time) of the distance (km) between the
coast and the 0.2 mg/m3 isoline of chlorophyll (DCHL). Left, middle and right
panels show monthly climatology, monthly means and monthly anomalies, re-
spectively, for the period overlapping both data sources (November 1997 to De-
cember 2006). Upper Hovmöller plots show satellite data, lower show model
output. Bottom panel is the time series of meridionally averaged (10 to 24◦N)
monthly anomalies.
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distances in the modeled climatological year are 400 km greater than those es-
timated from the satellite, but both model and observations have an averaged
(from 10 to 24◦N) amplitude of the seasonal cycle of 780 km. South of 24◦N in
an average year, the size of the high chlorophyll region is largest in winter and
spring and shrinks to its minimum in August and September. In the vicinity of
Cape Blanc (latitudes 18 to 23◦N) the area with chlorophyll above 0.2 mg/m3 also
occupies an east-west coastal band that is greatest during the first quarter of the
year, but it remains wider than 400 km throughout the year. In contrast, to the
south of Cape Blanc, the region of high chlorophyll vanishes completely in sum-
mer.
Although the chlorophyll seasonal cycle in this area is very important (Lath-
uilière et al., 2008), especially in the coastal band, interannual changes represent
a significant contribution to the total variability in the eastern subtropical North
Atlantic (Fig. 4.1, Fig. 4.3), with year to year differences as large as the seasonal
cycle. In early 1998, the first year of the satellite record (and the corresponding
year in the model), there is essentially no area with chlorophyll in excess of 0.2
mg/m3. The biggest anomaly of the observational record occurs at the end of
1998 and beginning of 1999: at this time, the 0.2 mg/m3 chlorophyll isoline ex-
tends across almost the entire basin (Fig. 4.1c, d), an anomaly of 1000 km over the
seasonal mean (Fig. 4.3). Although the precise mechanism for this event remains
largely unknown, Pradhan et al. (2006) note that it is correlated with the switch
from an El Niño to a La Niña event. This event is not captured by the model sim-
ulation despite that it is forced by an atmospheric reanalysis product, which leads
us to hypothesize a forcing mechanism not included in the model. In the study
region, Saharan dust can have an important impact on chlorophyll (Duarte et al.,
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2006), and using aerosol optical depth as a proxy for dust (from SeaWiFS data),
we found that 1998 was the dustiest year during the SeaWiFS 1997 - 2007 period
(not shown). In the model, wet and dry dust deposition fluxes are prescribed
from the monthly climatology of Ginoux et al. (2001) and thus no interannual
variability exists. This is an advantage for the purpose of this study, as it allows
us to focus on chlorophyll variability caused by ocean dynamics.
Even excluding the very high positive anomaly mentioned above, the width
of the high chlorophyll region varies interannually by about 500 km for satellite
and 600 km in the model output, comparable to the seasonal cycle of 780 km.
Qualitatively, the anomalies show similar patterns; the high chl region is largest
from 1999 to 2004 and decreases from 2005 to 2008. The anomalies of the high
chlorophyll region averaged from 10 to 24◦N in the model and SeaWiFS are sig-
nificantly correlated beyond the 1% level (Fig. 4.3). The shrinking of the high
chlorophyll region in the latter years has been interpreted as a possible global
warming related trend and correlated with a trend in sea surface temperature
(Polovina et al., 2008). In the next section we use the model to place the variability
over the SeaWiFS era in the context of several decades and asses the mechanisms
driving this temporal variability.
4.4 Sea surface height and chlorophyll
Satellite measurements provide global SSH data available during the SeaWiFS
decade. We explore the relation between SSH and chlorophyll, as processes that
may influence surface chlorophyll are likely reflected in SSH.We assume as a first
approach that SSH variability reflects surface nutrient availability in the region,
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Figure 4.4: Hovmöller plots of monthly anomalies for satellite-derived distance
from the coast to (left) the 0.2 mg/m3 isoline of chlorophyll and (right) the 37 cm
SSH isoline, over the SeaWiFS data period (November 1997 to December 2007).
because of the inverse relationship between SSH and thermocline depth (Stam-
mer, 1997; Mayer et al., 2001), and the common coincidence of the thermocline
depth and nutricline depth (Wilson and Coles, 2005; Signorini et al., 1999). The
temporal correlation of chlorophyll and SSH anomalies in both the model and
data substantiate this assumption (Fig. 4.2, bottom): when SSH is depressed,
chlorophyll is high. Likewise, distances to the chlorophyll and SSH isolines are
positively correlated (Fig. 4.4 and 4.5). A larger distance to the SSH isoline re-
flects lower SSH in the east, which is expected to be linked to a shallower ther-
mocline and a shallower nutricline. Thus, when the distance to the SSH isoline is
large we expect an increase in chlorophyll, and therefore a larger distance to the
0.2 mg/m3 chlorophyll isoline. Using SSH as a proxy for thermocline depth es-
sentially assumes that, for large scales, the surface ocean responds to its internal
baroclinicity. This is equivalent to saying that, for the considered region, wa-
ter mass is in balance. If the balance is divergent (convergent) the whole region
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would have a mean decrease (increase) in SSH.
In line with these expectations, interannual variability in the width of the
high chlorophyll region and the low SSH region show a remarkable agreement in
the satellite observations for the period November 1998 to December 2007 (Fig.
4.4). Both indices show negative anomalies (SSH and chlorophyll isolines close
to coast) in the first year of the time series and positive anomalies (enlargement
of the high chlorophyll and low SSH region) in the following years, especially
for SSH. Negative anomalies are larger in northern latitudes and progress south-
wards in the second half of the time series. The shift in the boundary between
high and low chlorophyll waters is mirrored by a similar shift in the boundary
between low and high SSH. The subtle shift in this boundary over the SeaWiFS
era is related to the expansion of the oligotrophic gyre (Polovina et al., 2008).
Placing the variability in the context of fifty years of reanalysis-forced model
simulation, the recent trend appears to be embedded in amultidecadal oscillation
(Fig. 4.5). As with satellite observations, there is a strong correlation between
modeled chlorophyll and SSH distances (r=0.73, p<<0.01). South of 20◦N, the
high chlorophyll region is highest from 1959 to 1976, coincident with positive
anomalies of the distance to the -18 cm isoline of SSH. The chlorophyll and SSH
time series are then followed by 23 years of consistent negative anomalies. From
1999 to 2004, chlorophyll and SSH show less agreement (Fig. 4.5). In these years,
the width of the low SSH region is 1000 km above the mean between 13 and
18◦N, while the high chlorophyll region remains restricted to the coast. Low
SSH is linked to the shoaling of the nutricline, but that relationship is weakest
in the northern part of our domain. In 1999-2004 the anomalously large region
of depressed SSH (high SSH distance) lies northward of its position in the 1959-
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1964 period (Fig. 4.5). Because the correlation between nutricline depth and SSH
is weaker in the northern part of the domain, the anomalously high SSH distances
in the latter period do not correspond with an equally strong response in nutrient
supply to the euphotic zone. Thus, the offshore extension of the high chlorophyll
region responds more weakly to the enlargement of the northern portion of the
low SSH region than an enlargement of the southern region.
Two physical processes govern the time evolution of sea surface height in
MOM4. One is convergence or divergence of horizontal currents, caused primar-
ily by changes in the wind field. The second one is mass fluxes through the sur-
face such as precipitation, evaporation, river runoff and ice melt. Again, no steric
effects are included as the model conserves volume rather than mass. Therefore,
the modeled changes in SSH respond predominantly to variability in the con-
vergence or divergence of the horizontal velocities, as the precipitation minus
evaporation and river run-off term has a low impact in the study area.
4.5 Mechanisms of chlorophyll variability
The size of the high chlorophyll region, as defined by the distance between the
coast and the 0.2 mg/m3 chlorophyll isoline, is related to the chlorophyll con-
centration in the study region enclosed by the box in Fig. 4.2. In both model
and data, the higher the chlorophyll concentration in the region, the greater the
distance to the isoline (r=0.97 for model output, r=0.73 for satellite data, both
p<<0.001). In the model, chlorophyll concentrations depend both on phyto-
plankton concentrations and on the chlorophyll to Carbon ratio (Chl:C) in their
cells. Chl:C is a function of irradiance, iron (Fe) and growth rate in the model.
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In the study region, the seasonal variability of Chl:C is mostly governed by Fe
input and growth (maximum values in winter, minimum in summer). Chl:C has
also significant interannual variability which is positively correlated to chloro-
phyll concentrations (r=0.90). Thus, an increase in chlorophyll may indicate an
increase in phytoplankton biomass and/or a higher Chl:C. TOPAZ uses the Gei-
der et al. (1997) photoacclimation model which adjusts Chl:C to ambient condi-
tions. When growing conditions are optimal, both growth rates (more biomass)
and Chl:C (more chlorophyll) increase. Consequently, biomass and Chl:C are
tightly related. Hereafter we will study changes in carbon biomass which do not
depend on Chl:C to exclude any variability caused by changes in cellular Chl:C.
Growth rates and biomass are modeled as a function of irradiance, nutrient
availability and temperature. In our study region, irradiance and temperature
are not dominant controls on biomass. Prior to 1983, the model irradiance is pre-
scribed as a climatological annual cycle. From 1983 onwards, themodel uses vari-
ability of incoming radiation, but we find no correlation to biomass. An increase
in temperature would increase growth rates. In our study region, the average
temperature in the top 80 m is negatively correlated to biomass; this correspon-
dence is likely due to the relation between temperature and upwelling. Therefore,
investigating the different paths of nutrient supply into this region and their rel-
ative importance will help elucidating mechanisms that cause biomass changes
and variability in the size of the high chlorophyll region.
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4.5.1 Nutrient supply
In order to address interannual variability in nutrient supply, we consider each
term in the PO4 budget (Eq. 4.3) for the study region outlined in Fig. 4.2, above
the average depth of the 1 Watt light layer (80 m). Studying these terms provides
a mechanistic view of the physical controls on phytoplankton biomass. Because
a number of previous studies have linked stratification variability with chloro-
phyll and biomass variability (McClain et al., 2004; Gregg et al., 2005; Behrenfeld
et al., 2006; Polovina et al., 2008), we also compare our biomass time series with
a common measure of stratification, the density difference between 200 m and
the surface. However, this measure of stratification gives no valuable informa-
tion in our region, as density variations at 200 m are small, and the metric thus
reflects only density variability at the surface, predominantly driven by temper-
ature changes. Higher temperatures at the surface are indeed correlated with
lower biomass, but this gives little indication of the physical mechanisms respon-
sible for the decrease. The density difference between the surface and the base
of the euphotic zone (80 m) may be a more suitable measure of the stratification
impacting the sunlit layer. The density difference between the surface and 80
m is actually positively correlated with biomass (r=0.18, p<<0.001) and surface
chlorophyll concentrations (r=0.13, p<0.01), opposite to stratification exerting a
leading control on the nutrient supply. Instead, this slight positive correlation
suggests a distinct mechanism controlling phytoplankton variability that is not
suppressed under increasing stratification, which we next search for among all
the nutrient supply terms in the region.
The PO4 budget equation (Eq. 4.3) includes lateral advection, vertical advec-
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Figure 4.6: Time series of monthly anomalies averaged in the study region (lati-
tudes 10 to 24◦N, from 40◦W to the coast, top 80 m depth). (a) Distance to the 0.2
mg/m3 chlorophyll isoline, and phytoplankton biomass as the black line, (b) ver-
tical PO4 convergence, (c) meridional PO4 convergence and (d) PO4 input due to
mixing. Anomalies of zonal PO4 convergence are not shown as their magnitude
is not notable as compared to meridional and vertical convergence anomalies.
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Figure 4.7: Correlation between (left) vertical PO4 advection, wPO4, and verti-
cal PO4 gradient, ∂zPO4, and (right) vertical PO4 advection, wPO4, and vertical
velocity, w.
tion and mixing. Anomalies of diffusive mixing of PO4 only play a relatively im-
portant role in the months of February and March (Fig. 4.6d), when convection
and vertical diffusion inject PO4 into the northern part of this region. On an inter-
annual timescale, anomalies of PO4 diffusive mixing explain less than 4% of the
biomass variability (or 6% of the changes in the distance to the 0.2 mg/m3 chloro-
phyll isoline). Conversely, advection of PO4 seems to be a key factor (correlation
of 0.86 with biomass). Amongst vertical, meridional and zonal PO4 convergence,
we find that interannual variability of biomass is highest correlated to vertical
convergence (r=0.82), although correlation tomeridional convergence is also high
(r=0.73). Interannual variability of the vertical PO4 fluxes are caused by changes
in vertical velocities rather than changes in the vertical PO4 gradient, calculated
as the PO4 difference between 75 m and 85 m (Fig. 4.7). Most of the merid-
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Figure 4.8: Time series of monthly means averaged in the study region (latitudes
10 to 24◦N, from 40◦W to the coast, top 80 m depth). (a) Advective terms in
the PO4 budget (vertical ∂zwPO4, zonal ∂xuPO4, meridional ∂yvPO4), and (b)
water volume upwelled due to offshore curl-driven upwelling (Vcurl) and coastal
Ekman transport (Vcoast).
ional transport of PO4 into the study region takes place through the southern
border (95% on a yearly average). This is consistent with southern waters having
higher nutrient concentrations. Nevertheless, the magnitude of both the monthly
means and the anomalies of vertical convergence are much larger than those of
the meridional component (Fig. 4.6b and c, Fig. 4.8a), suggesting that upward
advective fluxes are the most important supplier of nutrients into this region and
the dominant control on phytoplankton biomass variability and the size of the
high chlorophyll region.
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4.5.2 Coastal upwelling versus offshore upwelling
We consider twoways inwhich nutrients are brought to the euphotic layer through
vertical advection. One is coastal upwelling, determined by the alongshore com-
ponent of the wind stress. In the study region, the equatorward trade winds
generate an offshore transport of waters known as Ekman transport. These are re-
placed with subsurface nutrient-rich waters, generating upward velocities along
the coast. The upwelling occurs in a narrow meridional band of about 100 km
wide, with seasonally variable meridional extension, and further influences the
offshore domain through horizontal Ekman transport and convergence of the
southward flowing Canary Upwelling Current and poleward Mauritania Cur-
rent (Mittelstaedt, 1991; Pelegrí et al., 2005). The second nutrient source is Ekman
pumping, driven bywind stress curl that causes divergence or convergence of the
horizontal flow, inducing vertical velocities at the base of the Ekman layer (Bakun
and Nelson, 1991). The northeast quadrant of the study region, occupied by the
subtropical gyre, is characterized by downward curl-driven velocities. However,
the southern part of the study region is characterized by cyclonic wind stress curl
and thus Ekman suction.
Figure 4.8b shows the time series for the monthly means of the total volume
of water upwelled by Ekman pumping (Vcurl) and Ekman transport (Vcoast) in
the study region. The vertical velocities in the coastal band are greater than that
upwelled offshore by the wind stress curl, but the total area with positive wind
stress curl is much larger than the coastal area influenced by along-shore winds
such that the total upward volume transport due to both processes is of the same
order of magnitude. The anomalies of these two processes (Figs. 4.9b and c) have
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Figure 4.9: Time series of monthly anomalies averaged in the study region (lati-
tudes 10 to 24◦N, from 40◦W to the coast, top 80 m depth). (a) Distance to the -18
cm SSH isoline and phytoplankton biomass as the black line, (b) water volume
upwelled due to offshore curl-driven upwelling and due to (c) coastal Ekman
transport. (d) Anomalies of vertical PO4 transport at 80 m and zonal PO4 trans-
port at 18◦W (positive westwards) in a box excluding the coastal band (latitudes
10 to 24◦N, longitudes 40◦to 18◦W, top 80 m depth).
a similar degree of correlation to biomass (Table 4.1). However, the curl-driven
upwelling shows a higher correlation to DSSH.
In order to find out the relative importance that coastal versus curl-driven
upwelling has in setting the interannual variability of the high chlorophyll re-
gion, we calculate the PO4 budget in a box that excludes the coastal band. In
this way we can examine the relative importance of the nutrients that, having up-
welled at the coast, are advected zonally offshore versus the nutrients that enter
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Table 4.1: Correlation coefficients between chlorophyll concentration (CHL), dis-
tance to the 0.2 mg/m3 chlorophyll isoline (DCHL), sea surface height (SSH), dis-
tance to the -18 cm sea surface height isoline (DSSH), biomass, and vertical, zonal
and meridional PO4 convergence into the study region (wPO4, uPO4, vPO4, re-
spectively), mixing, volume of water upwelled due to Ekman pumping (Vcurl)
and Ekman transport (Vcoast), and density difference between 80 m and the sur-
face (∆ρ). All correlations are significant at the 1% level.
CHL DCHL SSH DSSH wPO4 uPO4 vPO4 mixing Vcurl Vcoast ∆ρ
Biomass 0.94 0.91 -0.81 0.78 0.82 -0.57 0.73 0.20 0.55 0.60 0.18
CHL − 0.94 -0.78 0.75 0.79 -0.62 0.70 0.31 0.55 0.60 0.13
DCHL 0.94 − -0.73 0.73 0.77 -0.61 0.72 0.25 0.48 0.59 0.17
SSH -0.78 -0.73 − -0.94
DSSH 0.75 0.73 -0.94 − 0.62 0.32
the euphotic layer vertically through Ekman pumping. The box is limited by lon-
gitudes 40 and 18◦W, latitudes 10 to 24◦N, from the surface down to 80 m. Figure
4.9d shows anomalies of the vertical PO4 transport at 80 m and of the zonal PO4
transport at 18◦W (positive offshore) in the box that excludes the coastal band.
The importance of zonal transport increases relative to the vertical transport, in
comparison with the box that includes the coastal area. Most of the nutrients that
enter the box through its east side are consumedwithin the box, as offshore trans-
port at 40◦W is very small (not shown). Still, anomalies of vertical PO4 transport
are larger than those due to zonal transport (Fig. 4.9d). This indicates that the
nutrients transported offshore from the coastal band have a weaker impact on
the extension of the high chlorophyll region.
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Figure 4.10: Maps showing relevant properties averaged over a year with low
surface chlorophyll (1980, left) and over a year with high surface chlorophyll
(1961, right). Chlorophyll concentrations (mg/m3) are shown by color, black line
is the -18 cm SSH isoline, white line shows the zero wind-stress curl isoline, bold
arrows show the advective components of the PO4 budget and curly arrows the
mixing term (all components in mol/m2/s).
4.6 Discussion and conclusions
Output from an ocean general circulation model has been used to investigate
interannual variability in surface chlorophyll over the last 50 years in the eastern
subtropical North Atlantic. We next review the major findings of this study.
Satellite chlorophyll is highly correlated to SSH in the study region, support-
ing the hypothesis that links SSH and nutrient availability. Themodel reproduces
seasonal and interannual variability of chlorophyll and SSH, providing a longer
time-scale context. The widespread interest in measuring chlorophyll concentra-
tions in the ocean, whether by remote sensedmeans or directly, is due to its use as
an indirect measurement of phytoplankton abundance. The model allows direct
study of biomass and the complete evaluation of mechanisms governing its vari-
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ability. We find that the dominant mechanism is advection of nutrients, mainly
vertical advection. Variability in the upwelling of nutrients on these timescales
is strongly governed by changes in vertical velocities rather than in the nutri-
ent reservoir. Offshore vertical velocities related to wind stress curl dominate
over coastal velocities induced by along-shore winds. But the question remains
whether chlorophyll variability is controlled by shifts in the boundary between
upwelling and downwelling domains, or by changes in the magnitude of the ve-
locities.
To illustrate these major findings and test the final question, we compare a
year with large extension (1961) and a year with small extension of the high
chlorophyll region (1980). Fig. 4.10 shows the advective and diffusive terms
of the PO4 budget for 1961 and for 1980. In both years, vertical supply of PO4
(wPO4) provides the largest nutrient source. In 1961, as compared to 1980, wPO4
doubles, mixing remains more or less constant and northward transport at 10◦N
triples. Upward PO4 transport and northward transport at 10◦Nare linked through
the development of the Guinea Dome, a cyclonic circulation in the southern part
of the study region (Mazeika, 1967). As the dome strengthens, upward velocities
increase and so does the northward flow at the eastern flank of the dome, located
at about 20◦W. The area with SSH lower than -18 cm increases in 1961, mainly
south of 18◦N. The zero wind-stress contour, which sets the boundary between
the downwelling domain of the subtropical gyre and the upwelling domain of the
coastal upwelling and tropical gyre, remains close to coast north of 16◦N; south
of this latitude, the zero curl contour shifts to the north in 1961. Exploring the
monthly evolution of the zero contour, we find that the displacement takes place
mainly during the winter months (Fig. 4.11). This pattern repeats when compar-
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Figure 4.11: Maps showing differences in Vcurl (Sv) between 1961 and 1980, a year
with large and small extension of the high chlorophyll region, respectively. Left
map shows the differences during winter months (January to March), right map
shows the differences during summer months (July to September). Dark grey
contour marks the zero curl isoline for 1961, light grey for 1980. The study region
is enclosed by a black rectangle.
ing other years in which the high chlorophyll region is anomalously wide.
Recent studies have attributed a leading role to stratification on determining
primary production in subtropical gyres (e.g. McClain et al., 2004; Polovina et al.,
2008), with the view that increased stratification reduces vertical mixing and thus
decreases the entrainment of deeper, nutrient-rich waters into the surface layer.
The correlation we find between stratification and surface chlorophyll or inte-
grated primary production in the euphotic layer is very weak. Instead, the wind-
driven variability in the boundary between the upwelling and downwelling do-
mains and the strength of the upwelling influence the area with upward advec-
tive nutrient fluxes. This wind-driven variability is the primary driver in setting
the interannual extension of the high chlorophyll region in the eastern subtropical
North Atlantic.
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Conclusions and outlook
5.1 Conclusions
How effective is the Cape Verde front as a barrier between the two central
water masses?
Central waters masses from northern and southern origin have different phy-
sico-chemical properties. NACW is warmer, more saline, and has less nutrients
and more dissolved oxygen, as compared to SACW. The Cape Verde front rep-
resents the meeting of these two water masses in the eastern subtropical North
Atlantic. The front has been described as a barrier between the two water masses
where epipycnal and less frequently diapycnal mixing occurs (Tomczak, 1981;
Zenk et al., 1991). Here we propose that double diffusive mixing enhances hor-
izontal heat transfer resulting in the smoothing of temperature gradients across
the front, as compared to other properties such as salt, nutrients or dissolved
oxygen.
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How does the coastal upwelling front interact with the Cape Verde frontal
system?
In addition to the Cape Verde front that separates central waters of northern
and southern origin, a second front exists in the coastal region between newly
upwelled waters, and the offshore waters. We propose that the interleaving fre-
quently found in the Cape Verde front may originate as mesoscale features in the
coastal upwelling front, which then converge off Cape Blanc and are transported
westwards.
Do water mass and nutrient exchanges between the coastal upwelling region
and the open ocean display seasonal variability?
Offshore transport along the NW African coast has its maximum near Cape
Blanc, at about 21◦N. Convergence of the southward Canary Upwelling Current
and the northward Mauritania Current during summer and fall is expected to
produce intense offshore export. During winter and spring the along-slope flow
convergence is expected to be substantially reduced. The data collected during
spring 1973 and fall 1975 display large offshore transports off Cape Blanc but,
contrary to expected, the maximum transport is found during spring in the area
south of Cape Blanc.
Does the position of the Cape Verde front vary in time?
Traditionally, the Cape Verde front position has been defined by the location
of the 36 isohaline at 150 m depth. Using this definition, the front is located at
21◦N during spring 1973, at 22.5◦N during fall 1975, and at 23.3◦N during fall
2008. A clearer picture of the front is given by the water mass percentages. Using
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the 50% isoline of water mass content as the divider between waters of northern
and souther origin, the front is seen to shift northwards with depth in fall 2008:
its location is 24◦N in the top 250 m, and 25◦N below. This tilt may be caused by
the southward NACW transport associated with the Canary Upwelling Current.
What is the origin of the subsurface salinity minimum often found in the
South Atlantic Central Water domain?
The relative salinity minimum and oxygen maximum found at about 300 m
within the SACW domain, and clearly visible in θ- S diagrams, made us won-
der if this was the imprint of less diluted SACW of tropical origin. The distinc-
tion of an additional central waters type of southern origin in the OMP analysis
has allowed to infer a propagation path for the less saline, oxygen rich variety
(SACW*). This water mass could be advected northwards by the Poleward Un-
dercurrent, while the traditional SACW would have already experienced some
mixing with NACW.
How is the along-slope latitudinal distribution of central and intermediate
water masses off NW Africa?
The Cape Verde frontal system represents a rapid transition between central
waters of southern and northern origin. The less diluted SACW variety does not
extend north from this front but some of the locally diluted is found north of the
Cape Verde front along the slope. At intermediate levels the transition between
Antarctic and Mediterranean waters is much smoother than in the central levels.
Does the state-of-the-art numerical coupled MOM4/TOPAZ model properly
reproduce the observed dynamics in the eastern subtropical North Atlantic?
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The biogeochemistry model TOPAZ, coupled to the global ocean circulation
model MOM4, has proven to reproduce the main dynamical features and the
observed seasonal and interannual chlorophyll variability in the study region.
Model output from a historical run forced with 49 years of interannually varying
data is thus analyzed to investigate chlorophyll variability and its driving mech-
anisms in the eastern subtropical North Atlantic.
What is the dominant nutrient transport amongst vertical advection, hori-
zontal advection and diffusive mixing?
An assessment of the nutrient budget in the euphotic layer (top 80 m) of
the study region shows that vertical nutrient advection is the main driver of in-
terannual chlorophyll variability, although northward transport at the southern
boundary is also considerable. Diffusive mixing only explains 9% of the chloro-
phyll interannual variability.
Is the variability in the vertical nutrient transport originated by changes in
the velocity field or in the nutrient gradient?
Interannual variability in the vertical nutrient transport at 80 m is dominated
by changes in velocity, rather than changes in the nutrient reservoir.
Which process plays a more decisive role in the upward nutrient transport,
coastal upwelling or offshore upwelling?
Two main processes bring nutrients to the euphotic layer in the eastern sub-
tropical North Atlantic. One is the coastal upwelling; the second, Ekman pump-
ing driven by wind stress curl. We have shown that offshore vertical velocities re-
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lated to wind stress curl dominate over coastal velocities induced by along-shore
winds in setting the area of chlorophyll concentration above 0.2 mg m-3.
Do shifts in the southeast subtropical gyre boundary determine the area of
high chlorophyll?
The intensity of Ekman pumping in the eastern subtropical North Atlantic is
the leading control on setting the interannual extension of the high chlorophyll
region under study. Wind-driven shifts in the boundary between the upwelling
(tropical gyre) and downwelling (subtropical gyre) domains are also a key factor
that determine the extension of the high chlorophyll region.
5.2 Future research
∗ The historical data analyzed in chapter 2 was digitalized from printed col-
lections. This data will be made available in a public database for the scien-
tific community use.
∗ Wewould like to use an idealizedmodel to represent the horizontal temper-
ature smoothing across the Cape Verde front. For this purpose, we could use
an exponential equation (modified from Rodríguez-Santana, 1997) to model
the unequal property distributions across the front, and study its effect on
property-property diagrams. In particular, this procedure should allow us
to estimate the relative importance of isopycnal and diapycnal mixing lead-
ing to the water properties in the frontal region.
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∗ OptimumMultiparameter analysis (OMP) has been used to infer mixing be-
tween water masses at the medium-scale of motion. The analysis assumes
identical exchange coefficients for all properties (e.g. temperature, salin-
ity, phosphate, dissolved oxygen). However, our results suggest that tem-
perature diffuses faster than all other parameters in the Cape Verde frontal
region. Future research should address the development of an OMP formu-
lation that includes the effect of differential exchange coefficients.
∗ The OMP technique establishes the contribution of the different water types
from the distances between the data points in property-property spaces,
implicitly assuming there are no differences between along-isopycnal or di-
apycnal mixing processes. These distances could be decomposed in along-
isopycnal and diapycnal contributions, with relative weights in accordance
to the size of the corresponding diffusive coefficients.
∗ The nutrient content in the surface layer varies depending on the source
water masses upwelling at the coast. A high-resolution physical-biological
model would be useful to investigate the impact of the variability in the
Cape Verde front position on primary production.
∗ In a more recent analysis, Peña Izquierdo et al. (2011) have linked the water
mass analysis presented in chapter 3 to the flow field over the continental
slope. This approach allows to identify a connection between the central
water masses, with SACW being the result of NACW and SACW*mixing in
the Cape Verde frontal region. Furthermore, the northward propagation of
SACW* is linked to the northward branch of the cyclonic circulation around
the Guinea Dome. Due to the seasonally variable nature of the dome, it is
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expected that transport of SACW* oscillates also during the year. Future
directions should explore the seasonal variability of SACW* transport and
its connection with the Guinea Dome circulation.
∗ In chapter 4, model output has been analyzed to understand chlorophyll
variability in the eastern subtropical North Atlantic. The same coupled
ocean circulation-biogeochemical model, or a higher resolution model if
available, could be used to investigate the Guinea Dome seasonal nutrient
replenishment as suggested by Pelegrí et al. (2006).
∗ The modeled chlorophyll interannual variability in the eastern subtropical
North Atlantic could be examined in terms of large-scale variability in cli-
mate modes. It would be important to further explore the link between
chlorophyll variability and various climatic indices such as the North At-
lantic Oscillation or the Atlantic Meridional Mode.
∗ We have seen that the extension of the high-chlorophyll area in the Cape
Blanc region is related to large-scale processes, affecting the whole eastern
subtropical gyre. We have viewed changes in this extension as arising from
variations of the dynamics in both sides of the Cape Verde frontal system,
specifically in the along-slope convergence, which is related to the intensity
of coastal upwelling, and the offshore surface divergence, or positive Ek-
man pumping. But these two regions are not isolated, they are connected
with upstream water sources, i.e. the Azores Current for the northern re-
gion and the North Equatorial Counter Current for the southern region. It
remains to be studied what are the large-scale mechanisms that may con-
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trol the intensity of these upstream water sources and what is their effect
off NW Africa.
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Resumen de la tesis en español
Afloramiento en el margen oriental del Atlántico
Norte subtropical
6.1 Introducción y objetivos de la tesis
6.1.1 Introducción
El margen oriental del Atlántico Norte subtropical es una región de elevado in-
terés por dos razones principales. Primera, una fracción significativa de este área
oceánica muestra una alta producción primaria que sostiene unos ricos recursos
pesqueros. Las pesquerías constituyen una fuente importante de alimentos para
el ser humano y un sector importante de la economía. La segunda razón es su
conexión con el clima global. En la región oriental del Atlántico Norte subtropi-
cal, aguas subsurperficiales entran en contacto con la atmósfera e intercambian
propiedades como calor y dióxido de carbono. En efecto, las masas de agua re-
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presentan reservas de calor, sal y gases disueltos. También transportan nutrientes
inorgánicos a través de los caminos por los que se propagan. Cuando las masas
de agua afloran a la capa fótica, los nutrientes son utilizados y promueven el
crecimiento de fitoplancton.
En en margen oriental del Atlántico Norte subtropical hay dos regiones de
divergencia cercana a superficie donde los nutrientes son transferidos a la capa
fótica, sosteniendo una alta productividad a lo largo de todo el año. La primera
región que actúa como fuente de nutrientes es el sistema de afloramiento costero
del Noroeste Africano, uno de los cuatro sistemas de afloramiento de frontera este
en el mundo. La segunda región es el Domo de Guinea, un sistema de corrientes
ciclónico que se intensifica a finales de verano y en otoño.
Entender la distribución de las diferentes masas de agua en la termoclina su-
perior y su tasa de transferencia a las capas de superficie es fundamental, ya que
estas masas transportan los nutrientes que finalmente potenciarán la producción
primaria. Finalmente, el conocimiento de cómo la dinámica física afecta a la trans-
ferencia de nutrientes ayudará a dilucidar cómo este sistema puede evolucionar
bajo condiciones de cambio climático.
Afloramiento costero
La dinámica de afloramiento costero incluye una celda vertical zonal y corrientes
meridionales (Figura 6.1). La celda vertical comprende el transporte costa afuera
en la capa superficial de Ekman, transporte ascendente en la costa y un flujo
subsuperficial compensatorio dirigido hacia costa. Sobre el talud continental, el
flujo hacia costa tiene lugar a lo largo de la capa de Ekman de fondo. Fuera del
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CorrientedeCanarias
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Figure 6.1: Esquema de la dinámica de afloramiento costero. Los vientos ali-
sios generan transporte de agua de costa afuera en la capa de Ekman superficial
(líneas azules), causando un levantamiento de la picnoclina (líneas grises) y una
bajada de la altura superficial del mar en la costa (la línea azul discontinua re-
presenta el geoide). El agua se dirige hacia la costa, en equilibrio geostrófico en
el océano abierto y a lo largo de la capa de Ekman de fondo sobre la plataforma,
para reemplazar el agua que es desplazada costa afuera. Una corriente en chorro
baroclina se desarrolla en el frente entre aguas más tibias mar afuera y las aguas
afloradas, y una corriente en chorro barotrópica más lenta se establece en el lado
costero de frente. Este sistema de afloramiento costero viene a formar la rama
más oriental de la Corriente de Canarias, con el nombre de Corriente Canaria
de Afloramiento. Debajo del sistema de alforamiento costero, encontramos un
flujo geostrófico hacia el norte apoyado en el talud continental (Corriente hacia el
Polo).
129
Chapter 6. Resumen en español
talud, este flujo es geostrófico, implicando la existencia de un gradiente de pre-
sión meridional (Tomczak and Godfrey, 1994). Al llegar a talud, el flujo geostró-
fico se encuentra con un obstáculo y el gradiente de presión meridional fuerza el
flujo hacia el norte (Corriente hacia el Polo) (Barton and Hughes, 1982).
La fuerza principal que hace desplazarse el agua en superficie hacia océano
abierto es el componente meridional de los vientos alisios. Cuando los vientos
persisten durante varios días, se desarrolla un frente entre las aguas más cálidas
costa afuera y las aguas más frías recientemente afloradas; esto se conoce como
el frente de afloramiento. Se produce un levantamiento de la picnoclina y una
bajada de la superficie del mar en la costa. El gradiente de presión zonal produce
flujo geostrófico y una corriente en chorro baroclina se desarrolla en el lado occi-
dental del frente de alforamiento. Si los vientos se mantienen del orden de una
o varias semanas, una corriente en chorro barotrópica relativamente lenta se de-
sarrollará en el lado costero del fente, sobre las aguas menos estratificadas. Este
flujo barotrópico puede sostener un transporte de agua mucho mayor que el flujo
asociado a la corriene baroclina (Pelegrí and Richman, 1993).
Corrientes principales y el Domo de Guinea
La circulación asociada al afloramiento costero está limitada a una banda costera
de unos 100 km de amplitud (Allen, 1973). Costa afuera, la dinámica responde
al rotacional del viento a gran escala. La figura 6.2 muestra los principales pa-
trones de circulación en el Océano Atlántico Nororiental. El Giro Subtropical del
Atlántico Norte (NASTG∗) es un anticiclón cuyos márgenes este y sudeste inter-
accionan con la dinámica de afloramiento. La Corriente de Canarias (CC) fluye
∗En todo el resumen se han mantenido las siglas correspondientes al inglés
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hacia el sur en la frontera oriental del giro. Fluyendo cercana a la costa e inter-
accionando con la corriente de afloramiento en chorro encontramos la Corriente
Canaria de Afloramiento (CUC). Es esta corriente la que constituye la verdadera
frontera oriental del NASTG (Pelegrí et al., 2005, 2006). La CC se separe de la
costa sobre los 20◦N y gira hacia el suroeste, alimentando la Corriente Norecua-
torial (NEC). Al sureste de ésta, queda una región relativamente aislada con una
renovación de agua lenta, conocida como la zona de sombra (Luyten and Stom-
mel, 1986). Aquí encontramos el sistema de corrientes compuesto por la NEC que
se dirige hacia el oeste, la Contracorriente Norecuatorial (NECC) que fluye hacia
el este, y flujo hacia el norte en el flanco este (Corriente de Mauritania, MC); estas
corrientes forman un flujo ciclónico alrededor del Domo de Guinea, una región
de afloramiento en océano abierto forzada por el campo de vientos a gran es-
cala (Siedler et al., 1992; Yamagata and Iizuka, 1995; Elmoussaoui et al., 2005). El
aporte de nutrientes a la capa fótica asociado al Domo de Guinea contribuye con-
siderablemente a la alta productividad del margen oriental del Atlántico Norte
subtropical.
Variabilidad estacional
Los patrones de circulación en superficie a gran escala, en particular la exten-
sión de la región de afloramiento, experimentan una variabilidad estacional rela-
cionada con el desplazamiento meridional de la banda de vientos alisios y de la
Zona de Convergencia Intertropical (ITCZ).
El afloramiento costero está presente entre el el Estrecho de Gibraltar y Cabo
Blanco durante todo el año, siendomás intenso al sur de las Islas Canarias (Wooster
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Figure 6.2: Mapa de las principales corrientes superficiales del Atlántico Norte
oriental durante verano e invierno. Las bandas azules a lo largo de la costa
señalan la ocurrencia de afloramiento intenso en cada estación; durante el ver-
ano, el Domo de Guinea (GD) se muestra tabién en azul. La línea gris discontinua
marca la zona frontal de Cabo Verde. Corrientes: Corriente de Azores (AC), Cor-
riente de Canarias (CC), Corriente Canaria de Afloramiento (CUC), Corriente de
Mauritania (MC), Corriente Norecuatorial (NEC), Contracorriente Norecuatorial
(NECC). Por debajo de la superficie, a unos 200 m de profundidad, la Corriente
hacia el Polo fluye hacia el norte, y en muchas ocasiones alcanza la superficie.
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et al., 1976; Speth and Detlefsen, 1982; Nykjaer and Van Camp, 1994). Durante el
verano, el afloramiento se intensifica al norte de las Islas Canarias y alcanza la
Península Ibérica (Figura 6.2). La NECC se observa a lo largo de toda la región de
estudio como un flujo zonal sobre los 8◦N. Al este de 20◦O, se divide en dos ra-
mas, una continua hacia el Golfo de Guinea, la otra rama fluye hacia el norte a lo
largo de la costa africana formando la Corriente de Mauritania (MC), y trayendo
aguas tropicales más cálidas (Mittelstaedt, 1991; Lázaro et al., 2005). La MC al-
canza los 20◦N, su posición más al norte. El campo de flujo en superficie formado
por la NEC, NECC y MC forman una recirculación ciclónica asociada al levan-
tamiento de las isotermas en el Domo de Guinea (GD). La variabilidad estacional
del GD ha sido descrita mediante datos histórico y datos hidrográficos recientes
(Mazeika, 1967; Siedler et al., 1992), altimetría (Lázaro et al., 2005) y simulaciones
con modelos (Yamagata and Iizuka, 1995; Elmoussaoui et al., 2005).
Durante invierno, el afloramiento costero ocupa una posición más sureña que
se extiende hasta pasado Cabo Verde, p. ej. Figura 14 en Pelegrí et al. (2006). La
corriente en chorro costera y CUC alacanzan latitudes más bajas, como un flujo a
lo largo de la costa africana entre Cabo Blanco y Cabo Verde (Lázaro et al., 2005),
proporcionando una conexión entre las aguas del norte y del sur (Mittelstaedt,
1991). El fortalecimiento de los vientos alisios en estas latitudes más bajas cau-
san el debilitamiento de la NECC, y la MC alcanza únicamente al sur de Cabo
Verde (Figura 6.2). El sistema de flujo ciclónico alrededor del Domo de Guinea
queda enmascarado por el movimiento hacia océano abierto de la capa de Ek-
man, aunque en un estudio, Siedler et al. (1992) encontraron que el domo todavía
existe en las capas subsuperficiales .
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Figure 6.3: Digrama temperatura-salinidad con los tipos de masas de agua cen-
trales, de las capas intermedias y profundas en el Océano Atlántico, tomado de
Sverdrup et al. (1942).
Masas de agua
La capa superficial del Atlántico Noreste subtropical (aproximadamente los pri-
meros 100 m) está caracterizada por altas salinidades, una alta concentración de
oxígeno disuelto y bajas concentraciones de nutrientes (Fraga and Manríquez,
1974). Una característica particular del giro subtropical del Atlántico Norte es el
máximo de salinidad subsuperficial (p.ej. Figura 2.4 y 2.5). Aguas superficiales
densas con salinidad alta, producidas por el exceso de evaporación frente a pre-
cipitación, subducen debido a la convergencia por transporte de Ekman y a la
convección invernal, y son transportadas a través de la circulación a gran escala
del giro subtropical (Defant, 1936; Bauer and Siedler, 1988).
Las masas de agua de la termoclina permanente son las masas de agua cen-
trales (Sverdrup et al., 1942). Estas aguas tienen su origen en las regiones sub-
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tropicales de ambos hemisferios, donde las aguas superficiales convergen y el
bombeo de Ekman es negativo, y se extienden hacia las regiones ecuatoriales. En
un diagrama Temperatura-Salinidad (TS) destacan por su relación aproximada-
mente lineal (Figura 6.3). Las aguas centrales ocupan el rango de profundidad
de aproximadamente 100 a 700 m. El Agua Central Noratlántica (NACW) tiene
su origen en la zona de convergencia superficial del Atlántico Norte y alcanzan
latitudes menores a través de la circulación termoclina (Sarmiento et al., 1982;
Kawase and Sarmiento, 1985). Únicamente las masas de agua formadas en la
zona de subducción a finales de invierno y comienzos de primavera pueden es-
capar de las capas superficiales y ser inyectadas en la termoclina permanente;
durante el resto del año, las aguas subducidas quedan en la capa de mezcla ya
que las velocidades de escape generadas por el bombeo de Ekman negativo son
menores que el avance estacional de la capa de mezcla. La extensión vertical del
NACW en latitudes más bajas vendrá determinada por el afloramiento invernal
de la isopicna más densa en la zona de subducción, aproximadament σθ=27.3
(Kawase and Sarmiento, 1985; Reid, 1994).
Emery andMeincke (1986) subdividió el NACWen dos tipos, Oriental (ENACW)
y Occidental (WNACW). La división reflejaba distintas regiones de formación, al
sur del Frente Subárctico para WNACW y al sur del Frente de Islandia-Faroe
para ENACW. En cambio, Tomczak and Godfrey (1994), argumentan que los
cambios de temperatura y salinidad observados a lo largo de la cuenca ocánica
son el resultado de la variabilidad medioambiental dentro de la región de forma-
ción. Por otro lado, Emery and Meincke (1986) identifican sólo un tipo de Agua
Central Sudatlántica (SACW), con formación cerca de la zona de convergencia
subtropical de Brasil-Malvinas . Gordon et al. (1992) y Sprintall and Tomczak
135
Chapter 6. Resumen en español
(1993) han mostrado que el agua central formada en la convergencia subtropical
del Océano Índico representa una contribución importante de la termoclina del
Océano Atlántico, introducida en la cuenca Atlántica a través de la Corriente de
Agulhas.
El Agua Central Sudatlántica (SACW) viaja a través de la termoclina del Atlán-
tico sur hacia el sistema ecuatorial de corrientes y la región tropical del Atlán-
tico Norte. La zona frontal de Cabo Verde (CVFZ) constituye la frontera entre el
NACW y SACW y corresponde al límite sur de la recirculación termoclina del
Atlántico Norte (Stramma and Siedler, 1988; Zenk et al., 1991; Arhan et al., 1994).
La CVFZ se extiende hacia el suroeste desde los 20◦N en la costa de África hacia
las Islas Cabo Verde, y entonces adquiere una orientación más zonal a medida
que se va difundiendo progresivamente hacia el lado occidental de la cuenca.
Las dos masas de agua ocupan el mismo rango de densidad, siendo el NACW
más salada y cálida que el SACW. Como resultado, el frente está compensado en
densidad lo cual propicia la generación de multitud de intrusiones y lentes (Zenk
et al., 1991; Pérez-Rodríguez et al., 2001; Pastor et al., 2008).
En la región de estudio, la capa intermedia está ocupada por Agua Intermedia
Antártica (AAIW) y Agua Mediterránea (MW), aproximadamente entre los 700 y
1500 m de profundidad. El AAIW tiene su origen en el Frente Subantárctico y
es transportada a través del giro subtropical del suratlántico hacia los trópicos
(Suga and Talley, 1995). El AAIW puede ser fácilmente identificada por su baja
salinidad, con un mínimo de salinidad centrado sobre los 800 m profundidad.
Dos caminos transportan AAIW hacia el margen oriental Atlántico Norte, uno
es a través del sistema de corrintes de frontera oeste y la Corriente de Azores
(Kawase and Sarmiento, 1985; Tsuchiya et al., 1992). El segundo camino es a
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través del margen oriental a lo largo de la costa africana (Machín and Pelegrí,
2009), con una penetración máxima durante el otoño (Machín et al., 2010). El
MW se forma en el Mar Mediterráneo y es introducida en el Atlántico a través
del Estrecho de Gibraltar; desde donde se extiende hacia el norte y el sur, in-
fluyendo sobre todo el Atlántico Norte (Worthington, 1976). Su alta salinidad y
temperatura características se pueden observar entre aproximadamente los 600
y 1500 m profundidad. Ambas aguas intermedias se encuentran sobre los 32◦N
(p.ej. Figura 3.5), con el AAIW ocupando un rango de profundidad ligeramente
más superficial que el MW. Las propiedades de las masas de agua intermedias
originales están modificadas por mezcla con aguas de las capas superiores e in-
feriores, y sus propiedades TS en la región de estudio aparecen como valores
extremos locales que se desvían sustancialmente de los valores encontrados en
su región de formación (Figura 6.3).
El Agua Profunda Noratlántica (NADW) se encuentra en la capa inferior, en-
tre los 2000 y 4000 m aproximadamente. El NADWdel Atlántico Nororiental está
formada principalmente por Agua de Desbordamiento de Islandia-Escocia, mo-
dificada por Agua del Mar de Labrador y Agua Profunda Inferior (McCartney,
1992; Dickson and Brown, 1994; van Aken, 2000).
Variabilidad interanual y modos climáticos
La variabilidad interanual en el afloramiento costero ha sido relacionada princi-
palmente con la Oscillation del Atlántico Norte (NAO) y con El Niño - Oscilación
Sureña (ENSO). El índice NAO viene definido por la anomalía en la diferencia
de la presión atmosférica a nivel del mar entre el sistema de bajas presiones de
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Islandia y sistema de altas presiones de Azores durante el invierno (de diciembre
a marzo). Un aumento en el índice implica un aumento en las altas presiones
de Azores y un aumento del flujo hacia el este sobre el noroeste africano, dando
lugar a un aumento en el afloramiento costero generado por los vientos alisios.
Analizando imágenes de satélite de temperatura superficial del mar (SST) entre
1982 y 2001, Santos et al. (2005) encontraron un cambio decadal en la intensidad
del afloramiento pasando de un régimen de afloramiento débil en la década de
los 80’s a un afloramiento intenso en los 90’s, asociado a un cambio en el índice
NAO. Meiners (2007) y Meiners et al. (2010) también encontraron una correlación
positiva entre el índice NAO y los vientos alisios al estudiar impactos de la varia-
bilidad climática en la dinámica de la merluza negra en el noroeste de la costa
africana. Específicamente, el índice NAO podía explicar el 53% de la variabilidad
en la componente meridional de la tensión del viento en la costa de Mauritania y
Senegal entre 1960 y 2004.
Roy and Reason (2001) investigaron conexiones entre el Índice Multivariativo
ENSO y anomalías en la SST y en la tensión del viento en la costa del noroeste
africano (entre 10 y 20◦N). Su trabajo mostró que periodos cálidos en el Pací-
fico durante el otoño y pricipios de invierno (situación El Niño) daban lugar a
un estado relajado del aforamiento inducido por viento en el lado oriental de la
cuenca Atlántica y a eventos cálidos observados a lo largo de la costa oeste de
África a finales de invierno y en primavera. Los eventos ENSO también influyen
en el sistema ecuatorial de corrientes del Atlántico y en la dinámica del Domo de
Guinea. Lázaro et al. (2005) observaron una intensificación de la NECC durante
la primavera de 1997 y 1998, y del Domo de Guinea durante el verano de 1997,
asociada a un desplazamiento prematuro hacia el norte de la ITCZ indicado por
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Enfield and Mayer (1997), y coincidiendo con un acontecimiento La Niña en el
Pacífico.
Varios autores también han identificado tendencias en el afloramiento costero,
aunque en ocasiones las tendencias son contradictorias. Bakun (1990) identificó
un aumento significativo en la tensión de viento favorable al afloramiento en un
punto del noroeste africano situado en la latitud 28◦N entre 1946 y 1981. La inten-
sificación de los vientos en este sitio coincidió con un aumento en otros lugares
dentro de los principales sistemas de afloramiento costero del mundo. Este au-
tor hipotetizó que, en un escenario de calentamiento global, con el aumento en
las concentraciones de gases de efecto hinvernadero habría una intensificación
del afloramiento costero debido a un aumento en el gradiente de presión entre
la región costera y el mar. Utilizando datos de temperatura derivados a par-
tir de registros sedimentarios que se extienden 2500 años atrás, McGregor et al.
(2007) infirieron un aumento anómalo y sin precedentes en el afloramiento cos-
tero en Cabo Ghir durante el siglo XX. En cambio, analizando datos de viento
de QuickScat entre 2000 y 2007, Demarcq (2009) encontró una tendencia al de-
crecimiento en la componente meridional de la tensión del viento en el noroeste
africano. Aun así, estos resultados pueden reflejar únicamente variabilidad inter-
anual o decadal superpuesta a una tendencia a escala de tiempo mayor.
Producción primaria
La región de afloramiento costero del noroeste africano es uno de los cuatro Sis-
temas de Afloramiento de Frontera Este (EBUS) en el océano global. Los EBUS
muestran una alta productividad e importantes capturas pesqueras (Pauly and
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Figure 6.4: Concentraciones de clorofila promedio (mg m-3) en invierno (EFM),
primavera (AMJ), verano (JAS) y otoño (OND). Los contornos en negro marcan
las isolíneas de 0.2 y 1 mg m-3 de clorofila. Los datos corresponden al sensor
SeaWiFS entre 1998 y 2007.
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Christensen, 1995). El Atlántico Nordeste subtropical tiene la zona activa más
grande de los cuatro EBUS principales, área definida como la región donde las
concentraciones de clorofila superan el 1mgm-3 (Carr, 2002). Es el segundo EBUS
más productivo, con una producción primaria anual de 0.33 Gt de Carbono por
año, después del EBUS de Benguela en el Atlántico Sur (Carr, 2002).
La clorofila proporciona una medida indirecta de abundancia de fitoplanc-
ton y de ahí los numerosos esfuerzos en desarrollar un algoritmo para derivar
producción primaria a partir de clorofila medida por satélite (Behrenfeld and
Falkowski, 1997; Carr, 2002; Marra et al., 2003). La Figura 6.4 muestra las concen-
traciones de clorofial estacionales derivadas a partir de 10 años de datos satelitales
del sensor SeaWiFS. La región entre 24◦N y el Estrecho de Gibraltar muestra una
variabilidad estacional débil. Concentraciones de clorofila por encima de 1 mg
m-3 están confiadas a la plataforma continental, a pesar de la existencia de aflo-
ramiento durante todo el año. La estrecha extensión costa afuera de la clorofila en
esta región puede ser causada por limitación de nutrientes, ya que el rotacional
negativo de la tensión del viento, característico del giro subtropical deprime la
nutriclina (Lathuilière et al., 2008).
La región entre 18 y 24◦N también muestra una estacionalidad débil, pero en
este caso las altas concentraciones de clorofila se extienden considerablemente
costa afuera durante todo el de año. La característica más predominante de esta
banda latitudinal es el filamento gigante de Cabo Blanco (Gabric et al., 1993).
Durante el verano y otoño, la convergencia de la CUC, que fluye hacia el sur,
y la MC, que fluye hacia el norte, resulta en un intenso transporte hacia océano
abierto. En invierno y principios de primavera, cuando el afloramiento alcanza
más al sur de Cabo Verde, la convergencia y el transporte hacia océano abierto
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se ven reducidos pero están aún presentes (Pelegrí et al., 2006). Estructuras de
tipo filamento que advectan clorofila costa afuera también puede ser observadas
en los principales cabos, como Cabo Ghir, donde la producción primaria alcanza
valores de 5 g C m-2 año-1 (García-Muñoz et al., 2005; Pelegrí et al., 2005).
Entre los 18◦N y el Estrecho de Gibraltar elementos mesoscalares, como fila-
mentos y remolinos, y procesos ondulatorios contribuyen a la variabilidad diná-
mica y bioquímica de la región, pero no trataremos estos temas en este estudio.
Barton et al. (1998) y Barton (1998) han proporcionado un análisis extenso de los
procesos mesoscalares y Hagen (2001) ha realizado una revisión excelente de la
propagación de ondas.
La región al sur de 18◦N presenta una gran extensión de la clorofila costa
afuera durante invierno y primavera, cuando aguas ricas en nutrientes llegan a
la superficie gracias al afloramiento costero. Durante verano, el fortalecimiento
de la NECC y el desplazamiento costa afuera del área de bombeo de Ekman po-
sitivo eleva las capas superiores de la termoclina, y ya en otoño una alta pro-
ducción primaria puede ser observada en el área del GD (localizado en 10◦N,
22◦O aproximadamente). Pelegrí et al. (2006) han propuesto un mecanismo por
cual las capas subsurperficiales del GD mantienen un nivel alto de concentración
de nutrientes. El GD se desarrolla durante verano y otoño y los nutrientes que
alcanzan la capa fótica son utilizados. Durante el invierno, los vientos alisios fa-
vorables al afloramiento se extienden al sur de Cabo Blanco, y el GD se relaja. La
celda vertical asociada al afloramiento costero necesita un suministro de aguas
subsurperficiales desde el océano interior, este suministro reestablece los altos
niveles de nutrientes de la región del GD.
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6.1.2 Objetivos y resumen de la tesis
Esta tesis contiene tres capítulos centrales en formato de artículo científico, prece-
didos por una introducción general y seguidos de unas conclusiones generales.
Para realizar la tesis, se ha examinado una gran variedad de fuentes de datos.
Datos históricos han sido reanalizados. También han sido examinamos datos
hidrográficos recientemente adquiridos y propiedadesmedidas remotamente por
sensores satelitales, como concentración de clorofila o altura superficial del mar.
Finalmente, un modelo de circulación ocánica general acoplado a un modelo bio-
geoquímico de última generación ha permitido una mejor comprensión de los
mecanismos físicos que generan variabilidad en propiedades bioquímicas.
Capítulo 2
Datos hidrográficos históricos de cuatro campañas han sido combinados para
producir dos conjuntos de datos, concretamente el conjunto de primavera de 1973
y el de otoño de 1975, que cubren la zona de transición costera entre las latitudes
17 y 26◦N. Los datos estaban disponibles en colecciones impresas y por ello se
tuvieron que digitalizar antes de comenzar el análisis. La hidrografía de la zona
se describe en cuanto a su temperatura, salinidad, nitratos y oxígeno disuelto.
La mezcla entre aguas centrales del norte y del sur es explorada, enfatizando el
papel especial de la doble difusión en aumentar la difusión horizontal de calor.
Finalmente, se calculan intercambios de agua y nutrientes entre la zona de transi-
ción costera y el océano profundo, diferenciando entre la contribución geostrófica
y la de Ekman .
Las preguntas que se intentaran contestar en este capítulo son:
143
Chapter 6. Resumen en español
∗ ¿Actúa el sistema frontal de Cabo Verde como una barrera entre las dos masas de
aguas centrales?
∗ ¿Cómo interaccionan el frente de afloramiento costero y el sistema frontal de Cabo
Verde?
∗ ¿Presentan los intercambios de masa y nutrientes entre la región de afloramiento
costero y el océano abierto variabilidad estacional?
Capítulo 3
UnAnálisis Multiparamétrico Óptimo es aplicado a un set de datos hidrográficos
recogidos durante el mes de noviembre de dos años consecutivos, 2007 y 2008. El
objetivo de este capítulo es caracterizar la distribución meridional de las masas
de agua de las capas centrales, intermedias y profundas durante el otoño. El
conjunto de datos cubre la región latitudinal desde el Estrecho de Gibraltar hasta
Cabo Verde, con especial énfasis en la zona del talud continental, en el área al
norte de las Islas Canarias y en la zona frontal de Cabo Verde.
Se intentarán resolver tres preguntas principales:
∗ ¿Cambia con el tiempo la posición del sistema frontal de Cabo Verde?
∗ ¿Cuál es el origen del mínimo subsuperficial en salinidad que frecuentemente encon-
tramos en el dominio de las aguas centrales del Atlático Sur?
∗ ¿Cómo es la distribucón meridional de las masas de agua centrales e intermedias en
el noroeste africano?
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Capítulo 4
En Capítulo 4 se han utilizado 50 años de datos procedentes de un modelo de
circulación oceánica general con el fin de evaluar la variabilidad interanual de
la clorofila superficial y los mecanismos que generan esta variabilidad. Datos
derivados de sensores satelitales de concentraciones de clorofila y altura super-
ficial de mar entre 1998 y 2006 son analizados para validar el modelo. Un ba-
lance de nutrientes basado en fosfatos (PO4) ha sido llevado a cabo para medir
la importancia relativa que tiene cada componente físico del balance (advección
meridional, zonal y vertical, y mezcla difusiva) en la extensión interanual de la
región que supera 0.2 mg m-3 de clorofila. Se destaca la importancia que tienen
los cambios en la frontera entre el dominio de subducción del giro subtropical
y el dominio de afloramieno del giro tropical, en determinar la extensión hacia
océano abierto de la región con alta concentración de clorofila.
Las cuestiones que se analizan en este capítulo son:
∗ ¿Reproduce adecuadamente el modelo acoplado de última generación MOM4/TOPAZ
las características dinámicas observadas en la región subtropical del Atlántico Nororien-
tal?
∗ ¿Qué componente del transporte de nutrientes domina: advección horizontal, vertical
o mezcla difusiva?
∗ La variación en el transporte vertical de nutrientes, ¿viene determinada por la variación
en la velocidad o en la concentración de nutrientes?
∗ ¿Qué proceso tiene una mayor importancia en el transporte de nutrientes hacia la
superficie, el afloramiento costero o el afloramiento en océano abierto?
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∗ ¿Determinan los cambios de posición en la frontera suroriental del giro subtropical el
área con altas concentraciones de clorofila?
6.2 Flujos de masa y nutrientes
Un conjunto de datos históricos ha sido utilizado para describir la zona de tran-
sición costera del noroeste africano comprendida entre los 17 y los 26◦N (Figura
6.5), durante la primavera de 1973 y el otoño de 1975, con especial énfasis en la
interacción entre los giros subtropical (Aguas Centrales Noratlánticas) y tropical
(Aguas Centrales Suratlánticas). La circulación geostrófica cercana a superficie,
tomando como nivel de referencia los 300 m, es bastante compleja. Las carac-
terísticas más destacables son un giro ciclónico al norte de Cabo Blanco (21◦N) y
flujo costa afuera en el frente de Cabo Verde (Figura 6.6) . El giro ciclónico está
localizado en la zona con vientos más intensos, y podría provenir de un gran
meandro de la corriente en chorro de afloramiento baroclina. El sistema frontal
de Cabo Verde muestra gran cantidad de interleaving† que en parte puede tener
como origen estructuras mesoscalares del frente costero de afloramiento. Dia-
gramas propiedad-propiedad muestran que el frente es una barrera eficaz para
todas las propiedades excepto temperatura (Figura 6.7). El análisis del ángulo de
Turner sugiere que el sistema frontal está caracterizado por la existencia de doble
difusión intensa (Figura 6.8), la cual tiene como consecuencia una gran cantidad
de difusión horizontal de calor. Este proceso tiene como resultado el suavizado
de los gradientes horizontales de temperatura.
† Interleaving define el entramado o entrecruzamiento de un tipo de agua central con el otro.
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Figure 6.5: Estaciones hidrográficas y secciones seleccionadas del conjunto de
datos de primavera (izquierda) y otoño (derecha). La leyenda para las secciones
es la siguiente: N, norte; S, sur; L, siguiendo el talud.
147
Chapter 6. Resumen en español
Figure 6.6: Distribuciones de la altura dinámica a 0 m (arriba) y 100 m (abajo)
durante primavera (izquierda) y otoño (derecha), usando los 300 m como nivel
de referencia. Sobre las distribuciones se han dibujado esquemáticamente flechas,
cada flecha representa un transporte de masa (por unidad de profundidad) de 3.7
× 103 m2 s-1.
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Figure 6.7: Diagramas propiedad-propiedad durante primavera (arriba) y otoño
(abajo). Puntos, triángulos y cruces corresponden, respectivamente, a estaciones
que muestran características del NACW, SACW y características intermedias en
el diagrama TS. Las líneas representan los dos tipos de agua centrales, de acuerdo
con lo explicado en el texto. En los paneles de la derecha, la línea de puntos
tiene la pendiente de la relación estoiquiométrica de Redfield para el oxígeno-
nitrógeno.
149
Chapter 6. Resumen en español
Oc
ea
n 
Da
ta
 V
ie
w
20 40 60 80300
200
100
0
75
90
45
75
60
Oc
ea
n 
Da
ta
 V
ie
w
20 40 60 80300
200
100
0 45
45
60
Oc
ea
n 
Da
ta
 V
iew
100 200 300 400
45
45
45
45
75
60
60
O
ce
an
 D
at
a 
Vi
ew
100 200 300 400
75
75
45 45
45
45
60
60
Oc
ea
n 
Da
ta
 V
iew
0 200 400 600 800 1000
45
75
45
45
75
60
60
60 6
0
75
75
75
Oc
ea
n 
Da
ta
 V
iew
0 200 400 600 800 1000 1200
45
4560
60
60
60
Distancia [km]
]
m[ dadidnuforP 
Áf
ric
a
Áf
ric
a
No
rte
Su
r
N S L
Figure 6.8: Distribuciones del ángulo de Turner a través de las secciones N
(izquierda), S (centro) y L (derecha), durante primavera (arriba) y otoño (abajo).
Notar el cambio en la escala horizontal entre columnas adyacentes (la escala se
reduce a la mitad de izquierda a derecha).
Nueve secciones perpendiculares a costa han sido utilizadas para calcular el
transporte geostrófico meridional de masa y nutrientes y para inferir intercam-
bios entre la zona de transición costera y el océano profundo (importación: desde
el océano profundo a la zona de transición costera; exportación: de la zona de
transición costera al océano profundo). Estos intercambios concuerdan bien con
estimaciones del transporte promedio inducido por el viento, y con los trans-
portes geostróficos perpendiculares a costa. La región está dividida a tres áreas:
sur (18 -21◦N), central (21-23.5◦N), y norte (23.5-26◦N). En el área del norte la im-
portación geostrófica se compensa aproximadamente con la exportación inducida
por viento durante ambas estaciones (primavera de 1973 y otoño de 1975). En el
área central la importación geostrófica es mayor que la exportación inducida por
viento durante la primavera, teniendo como resultado la importación neta de
agua (0.8 Sv) y nitratos (14 kmol s-1), pero durante el otoño ambos transportes se
cancelan de nuevo. En el área del sur, geostrofía y viento se unen para exportar
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agua y nutrientes durante ambas estaciones, aumentando de 0.6 Sv y 3 kmol s-1
durante el otoño a 2.9 Sv y 53 kmol s-1 durante la primavera.
6.3 Cambios meridionales en las propiedades de las
masas de agua durante noviembre de 2007/2008
Un Análisis Multiparamétrico Óptimo (OMP) ha sido aplicado a un conjunto de
datos en el margen oriental del giro subtropical del Atlántico Norte. Los datos
han sido obtenidos en dos campañas realizadas durante el mes de noviembre
de dos años consecutivos. La Figura 6.9 muestra las estaciones realizadas. Am-
bas campañas presentan una resolución media en la dirección meridional (unos
50 km) y una resolución alta en la dirección perpendicular a costa (entre 5 y 50
km), suficiente para detectar los cambios meridionales relativamente suaves y las
numerosas variaciones zonales, más rápidas. La campaña realizada en el 2007
(de ahora en adelante CANOA07) cubrió la región entre las latitudes 27 a 37◦ N,
aproximadamente, mientras que en la campaña del 2008 (de ahora en adelante
CANOA08) se tomaron muestras entre los 16 y los 35◦N.
El objetivo de este trabajo ha sido caracterizar la distribución de las masas
de agua durante el otoño en el margen oriental del giro subtropical del Atlán-
tico Norte. Hay dos razones principales por las cuales los datos obtenidos en
estas dos campañas, CANOA07 y CANOA08, son apropiados para esta carac-
terización. Los datos incorporan un número de variables suficientes (tempe-
ratura, salinidad, fosfatos, nitratos, silicatos y oxígeno disuelto) para aplicar un
método multiparamétrico, y tienen una extensa cobertura espacial de alta resolu-
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Figure 6.9: Mapa que muestra las estaciones ocupadas durante las campañas
CANOA07 y CANOA08. El mapa del recuadro interior muestra un esquema
con las principales características de la circulación en las aguas centrales (líneas
continuas), intermedias (líneas discontinuas) y profundas (líneas a puntos). AC
(Corriente de Azores), CUC (Corriente Canaria de Afloramiento), CC (Corriente
Canaria), PUC (Corriente subsuperficial hacia el polo), NEC (Corriente Norecua-
torial), GD (Domo de Guinea), MW (AguaMediterránea), AAIW (Agua Antártica
Intermedia), NADW (Agua Profunda Noratlántica), CVFZ (zona frontal de Cabo
Verde).
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ción en un intervalo de tiempo limitado. Específicamente, las campañas tienen
una mayor resolución en tres áreas clave: la zona próxima al talud continental, al
norte de las Islas Canarias y en la zona frontal de Cabo Verde (CVFZ). Primero, la
región cercana al talud ha sido muestreada con una alta resolución para detectar
tanto la Corriente de Afloramiento de Canarias (CUC) como la Corriente subsu-
perficial hacia el polo (PUC), las cuales son caminos potenciales para transporte
meridional de aguas de origen norte y sur, respectivamente (Pelegrí et al., 2005,
2006). Segundo, el conjunto de datos tiene una cobertura excelente al norte de las
Islas Canarias, donde el AguaMediterránea (MW) se encuentra con el Agua Inter-
media Antártica (AAIW) en niveles intermedios, con una gran cantidad de inter-
leaving latitudinal y con caminos preferentes de propagaciónmeridional (Machín
and Pelegrí, 2009; Machín et al., 2010). Finalmente, los datos también tienen un
buen alcance en la región cercana al talud en la CVFZ, donde las Aguas Centrales
Noratlánticas (NACW) y las Aguas Centrales Sudatlánticas (SACW) entran en
contacto con intrusiones laterales y verticales (Zenk et al., 1991; Pérez et al., 2001;
Pastor et al., 2008).
La distribución espacial de las propiedades de las masas de agua responde
a los patrones de circulación en el Océano Noratlántico oriental (recuadro in-
terior en la Figura 6.9). Los patrones de distribución principales de las masas
de agua cambian sustancialmente desde las capas de la termoclina superior, lla-
madas aguas centrales ya que están formadas en el centro de los giros subtropi-
cales, a las capas intermedias o de la termoclina inferior, a las aguas profundas.
Las aguas centrales del sur/norte predominar al sur/norte de la CVFZ. La
región donde el NACW predomina está caracterizada por la presencia de la Co-
rriente de Canarias (CC) que fluye hacia el sur, con una intensificación (CUC) y
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una contracorriente subsuperficial (PUC) en la zona de transición costera. Cerca
de Cabo Blanco, la CC se desvía hacia el oeste transformándose en la Corriente
Norecuatorial (NEC). La región ocupada por SACW está dominada por el Domo
de Guinea, con una circulación ciclónica predominante alrededor de una gran
región de intenso bombeo de Ekman (Klein and Siedler, 1995), donde la Con-
tracorriente Norecuatorial (NECC) fluye en dirección este hasta alcanzar la costa,
fluyendo entonces hacia el norte hasta que se encuentra con la NEC (Mittelstaedt,
1991).
Las capas intermedias están caracterizadas por el encuentro a gran escala del
AAIW y MW, la primera en un nivel ligeramente más superficial (núcleos en-
tre los 800 y 1200 m al norte de las Islas Canarias). Este encuentro muestra una
periodicidad estacional: el AAIW alcanza la posición más al norte hacia finales
de otoño y el MW se extiende hacia el sur durante invierno (Machín and Pele-
grí, 2009; Machín et al., 2010). A profundidades mayores encontramos aguas con
origen en el norte, agrupadas en este caso bajo la denominación de Agua No-
ratlántica Profunda (NADW).
La contribución de seis tipos de agua en el rango de profundidades entre 100 y
2000 m ha sido resuelta utilizando un análisis multiparamétrico óptimo (Mackas
et al., 1987; Tomczak and Large, 1989). Además de las cinco masas de agua de-
scritas anteriormente (NACW, SACW, MW, AAIW y NADW), se ha incluído en
el análisis un sexto tipo, SACW*. Esta variedad de Agua Central Sudatlántica se
observa en estaciones situadas a lo largo del talud, en profundidades menores a
200 m, y se caracteriza por un mínimo relativo de temperatura y salinidad, y un
máximo relativo de oxígeno disuelto. La Tabla 6.1 muestra los valores de tempe-
ratura, salinidad, fosfatos, silicatos y oxígeno disuelto utilizados en el análisis.
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Table 6.1: Valores utilizados en el análisis OMP para la definición de los tipos
de masas de agua para temperatura potencial θ (◦C), salinidad S, fosfatos PO4
(µmol/l), silicatos SiO4 (µmol/l), y oxígeno disuelto O2 (ml/l). También se indica
el peso relativo a la temperatura que se ha dado a cada variable en el análisis.
θ S PO4 SiO4 O2
NACWU 18.65 36.76 0.25 0.36 4.79
NACWL 11.00 35.47 1.05 5.65 4.26
SACWU 15.25 35.70 1.41 6.92 1.51
SACWL 9.70 35.18 1.94 14.08 1.64
SACW∗ 12.08 35.27 1.62 9.31 1.21
AAIW 6.50 34.90 2.02 22.55 2.73
MW 11.74 36.50 0.67 7.20 4.42
NADW 2.50 34.94 1.40 34.80 5.71
Peso 1 0.86 0.21 0.14 0.15
Latitude [°N]
Figure 6.10: Porcentajes de masas de agua obtenidos con el análisis OMP en fun-
ción de la profundidad y la latitud. La contribución del NACW se muestra en
rojo, SACW en verde, SACW∗ en negro, AAIW en escala de color azul, MW en
gris, y NADW en naranja. Únicamente se muestran las contribuciones superiores
al 40%, excepto para el SACW∗ donde se muestran las contribuciones por encima
de 20%. Los contornos están dibujados a intervalos de 0.2 unidades.
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La Figura 6.10 muestra las contribuciones de las masas de agua dominantes
en función de la profundidad y la latitud, según el resultado del análisis OMP.
Para producir esta figura hemos utilizado todos los datos disponibles, por lo que
el resultado es un suavizado zonal de los cambios meridionales.
Las aguas centrales dominan en los primeros 650 m de la columna de agua. El
frente entre el SACW y NACW, aquí definido donde cada masa de agua central
contribuye aproximadamente al 50%, se desplaza desde los 24◦ N en los primeros
250 m hasta más allá de los 25◦ N en capas centrales más profundas. En la Figura
6.10 la contribución del SACW∗ también ha sido graficada por separado. Esta
masa de agua está centrada a 200 m de profundidad y su influencia (valores
de hasta 20%), promediada zonalmente, alcanza los 19◦N. La contribución del
SACW∗ es máxima en las estaciones situadas más al sur sobre el talud continen-
tal, logrando en algunas estaciones una contribución superior al 50%. El SACW∗
es advectada hacia el este por la Contracorriente Norecuatorial sobre los 8◦N y
hacia el norte por la Corriente de Mauritania (la rama oriental de la circulación
cicloónica alrededor del Domo de Guinea), siendo el principal responsable de
cualquier renovación de las aguas del sur en la zona de sombra del Domo de
Guinea (Stramma et al., 2005, 2008).
Entre el Estrecho de Gibraltar y los 32◦N encontramos porcentajes de MW
superiores al 60%, en una capa centrada en los 1200 m de profundidad. En al-
gunas estaciones individuales, la temperatura y salinidad son considerablemente
mayores, indicando la presencia de agua mediterránea menos diluida. El AAIW
ocupa aproximadamente el mismo rango de profundidades que el MW, a pesar
de que en la región de encuentro de ambas masas de agua, el AAIW se sitúa por
encima del MW. Los porcentajes máximos de AAIW se encuentran a 900 m en las
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estaciones más al sur, lo cual es indicativo de su origen.
En cuanto al NADW, encontramos contribuciones por encima del 60% a pro-
fundidades superiores a 1500 m en todas las estaciones localizadas en la mitad
sur de la región de estudio. Al norte de 28◦N, donde se localizan las Islas Ca-
narias, porcentajes igual o por encima del 60% se encuentran sólo por debajo
de los 1800 m; por encima de este nivel, MW contribuye significativamente a la
mezcla de agua. Estos cambios latitudinales sugieren que el NADW alcanza el
sur vía la cuenca occidental mientras que su camino hacia la región más oriental
está influenciada por la presencia de las Islas Canarias y el agua mediterránea.
Finalmente, en la Figura 6.11 se muestra un diagrama TS con todos los datos
disponibles. La escala de color es función de la latitud y las líneas de contorno
marcan la contribución del 50% de las distintas masas de agua. La latitud mues-
tra claramente la transición abrupta en las capas centrales, en comparación con
los cambios mucho más suaves en aguas intermedias y profundas. Las líneas
de contorno también indican qué puntos están dominados por una única masa
de agua, resultando ser en todas partes excepto las capas intermedias donde se
aprecia la influencia de ambas aguas centrales y profundas. De todos modos, la
presencia de contribuciones significativas de aguas centrales y profundas en ca-
pas intermedias pudiera ser un artefacto del análisis OMP, ya que el método no
tiene en cuenta el carácter anisótropo de la mezcla. El análisis OMP sencillamente
cuenta distancias en un espacio de múltiples propiedades, sin tener en cuenta si
tal distancia es a lo largo de o a través de superficies isopicnas. En realidad, la
difusión epipicna es muy superior a la difusión diapicna; de este modo, cabe es-
perar que el método pueda sobreestimar localmente contribuciones de tipos de
agua verticalmente adyacentes.
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Figure 6.11: Diagrama θ-S con todos los datos de ambas campañas. La latitud se
muestra en escala de color, y la línea negra marca la contribución del 50% de cada
masa de agua. Los asteriscos marcan los tipos de agua resueltos: MW, AAIW, y
SACW∗; NADW está fuera de escala y las líneas discontinuas corresponden al
NACW y SACW.
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6.4 Variabilidad interanual de la clorofila
La variabilidad interanual de la clorofila y los mecanismos que generan esta va-
riabilidad han sido evaluados en la región subtropical del Atlántico Nororien-
tal, entre las latitudes 10 y 24◦N, y desde la costa hasta la longitud 40◦O. La
comparación de nueve años de datos de concentración superficial de clorofila
procedentes del sensor SeaWiFS con el resultado de MOM4, un modelo de circu-
lación oceánica global acoplado a TOPAZ, un modelo biogeoquímico de última
generación, muestra la capacidad del modelo de reproducir la variabilidad esta-
cional e interanual de la clorofila en la región de estudio durante la década con
datos SeaWiFS. Por lo tanto, podemos utilizar los 49 años de datos del modelo
disponibles para estudiar los mecanismos que generan la variabilidad de la clo-
rofila. Para ello investigaremos cambios en el aporte de nutrientes, utilizando un
balance de fosfatos (PO4) según la ecuación:
∂PO4
∂t
= −∇ · (uPO4) +mezcla+ jPO4, (6.1)
donde ∇ · (uPO4) = ∂(uPO4)∂x + ∂(vPO4)∂y + ∂(wPO4)∂z , es la divergencia del vector
de flujo de fosfatosuPO4 = (uPO4, vPO4,wPO4).
El término de mezcla en la ecuación (6.1) engloba la mezcla derivda de pro-
cesos no resueltos por el tamaño de malla, e incluye el esquema vertical de mez-
cla de Bryan and Lewis (1979), ajuste convectivo (Rahmstorf, 1993), la mezcla
por parametrización de perfil K (KPP) (Large et al., 1994) en el eje vertical, y la
difusión isoneutra, principalmente en el eje horizontal (Griffies et al., 1998). El
último término en la ecuación (6.1), jPO4, representa las fuentes menos los sumi-
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deros biológicos de PO4, i.e. la remineralización de fósforo particulado y disuelto
menos incorporación de fosfato por el fitoplancton.
Aporte de nutrientes
Con el objetivo de examinar la variabilidad interanual en el aporte de nutrientes,
se considera un balance de nutrientes (ecuación 6.1) en la región de estudio que
muestra la Figura 6.15, en los primeros 80 m de la columnas de agua, equiva-
lente a la capa fótica o la profundidad promedio de la capa con 1 Vatio de luz.
El estudio de estoy términos proporciona una visión de los mecanismos físicos
que controlan la biomasa fitoplanctónica. Varios estudios anteriores han estable-
cido una conexión entre cambios en la estratificación con la variabilidad de la
clorofila (McClain et al., 2004; Gregg et al., 2005; Behrenfeld et al., 2006; Polovina
et al., 2008). Por ello, también comparamos la serie de datos de biomasa con una
medida común de estratificación, la diferencia de densidad entre los 200 m y la
superficie. Sin embargo, en nuestra región de estudio, esta medida de estratifi-
cación no proporciona información, ya que las variaciones de densidad a 200 m
son muy pequeñas y por lo tanto esta medida sólo refleja cambios de densidad
en superficie, dominados por cambios en temperatura. Un aumento de la tempe-
ratura en superficie esta correlacionado con una disminución de la biomasa. No
obstante, esta relación no proporciona información sobre los mecanismos físicos
responsables de este decrecimiento. La diferencia de densidad entre la superfi-
cie y la base de la capa fótica (80 m) podría ser una medida más adecuada de
examinar cómo cambios en la estratificación afectan la capa fótica. La diferencia
de densidad entre la superficie y 80 m presenta una correlación positiva con la
biomasa (r=0.18, p<<0.001) y con concentraciones de clorofila (r=0.13, p<0.01),
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Figure 6.12: Serie temporal de anomalías mensuales promediadas en la región
de estudio (latitudes 10-24◦N, desde 40◦O hasta costa, primeros 80 m de profun-
didad). (a) Distancia hasta la isolínea de 0.2 mg m-3 de clorofila, la línea negra
representa la biomasa fitoplanctónica, (b) convergencia vertical de PO4, (c) con-
vergencia meridional de PO4 y (d) aporte de PO4 debido a mezcla. Las anomalías
de la convergencia zonal no se muestran ya que su magnitud es muy pequeña
comparada con las anomalías de la convergencia vertical o meridional.
contrariamente a la idea de que la estratificación tendría un papel importante en
controlar el aporte de nutrientes a la capa fótica. Sin embargo, esta pequeña co-
rrelación positiva sugiere un mecanismo de control de fitoplancton diferente, que
no queda suprimido al aumentar la estratificación, el cual pasamos a buscar entre
todos los términos de aporte de nutrientes en la región.
La ecuación del balance de PO4 (equación 6.1) incluye advección lateral, verti-
cal y mezcla. Las anomalías de la mezcla difusiva de PO4 únicamente ejercen un
papel importante durante los meses de Febrero y Marzo (Figura 6.12d), cuando
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Figure 6.13: Serie temporal de promedios mensuales promediados en la región
de estudio (latitudes 10-24◦N, desde 40◦O hasta costa, primeros 80 m de profun-
didad). (a) Términos advectivos en el balance de PO4 (vertical ∂zwPO4, zonal
∂xuPO4, meridional ∂yvPO4), y (b) volumen de agua aflorado por divergencia
del transporte de Ekman (Vcurl) y por transporte de Ekman en la costa (Vcoast).
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procesos convectivos y difusión vertical inyectan PO4 en la parte norte de la
región de estudio. A escalas de tiempo interanuales, anomalías de la mezcla di-
fusiva de PO4 explican menos de un 4% de la variabilidad en la biomasa (o un
6% de los cambios en la distancia entre la costa y la isolínea de clorofila de 0.2
mg m-3). Sin embargo, la advección de PO4 parece tener un papel fundamental,
con una correlación de 0.86 con la biomasa. Entre advección vertical, meridional
y zonal, encontramos que la variabilidad interanual de la biomasa está mayor-
mente correlacionada con la advección vertical (r=0.82), aunque la correlación
con el transporte meridional también es alta (r=0.73). La variabilidad interanual
en los flujos verticales de PO4 está genereada por cambios en las velocidades ver-
ticales, más que por los combios en el gradiente vertical de PO4. La mayor parte
del transporte meridional de PO4 hacia la región de estudio tiene lugar a través
de la frontera sur (el 95% en promedio anual). Este resulatdo es consistente con
que las aguas al sur de la región tienen una mayor concentración de nutrientes.
Aun así, tanto la magnitud de los valores mensuales como de las anomalías de la
convergencia vertical de PO4 son mucho mayores que los valores de la compo-
nente meridional (Figura 6.12b and c, Figura 6.13a), lo cual sugiere que los flujos
advectivos verticales son la componente principal del aporte de nutrientes en esta
región y ejercen un control decisivo en la biomasa fitoplanctónica y el tamaño de
la región con altas concetraciones de clorofila.
Se han considerado dos procesos que tienen como consecuencia una transfer-
encia por transporte vertical de nutrientes a la capa fótica. El primer proceso es
el afloramiento costero, determinado por la componente paralela a costa de la
tensión del viento. En la región de estudio los vientos alisios generan un trans-
porte de agua costa afuera conocido como transporte de Ekman. Estas aguas
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son reemplazadas por aguas subsuperficiales ricas en nutrientes, generando una
banda de velocidades positivas a lo largo de la costa. El afloramiento tiene lugar
en una banda costera de unos 100 km, con una extensión meridional variable,
pero su influencia se extiende hacia océano abierto debido al transporte de Ek-
man horizontal y a la convergencia de la Corriente Canaria de Afloramiento que
fluye hacia en sur, y la Corriente de Mauritania, que fluye hacia el norte (Mittel-
staedt, 1991; Pelegrí et al., 2005). La segunda fuente de nutrientes es el bombeo
de Ekman, definido por el rotacional de la tensión del viento que genera diver-
gencia o convergencia del flujo horizontal, induciento velocidades verticales en
la base de la capa de Ekman (Bakun and Nelson, 1991). El cuadrante noreste de
la región de estudio, donde encontramos el giro subtropical, está caracterizado
por velocidades negativas. Sin embargo, la parte sur dela región de estudio está
caracterizada por un rotacional ciclónico de la tensión del viento y por lo tanto
bombeo de Ekman positivo.
La figura 6.13b muestra la serie temporal de los promedios mensuales del
volumen de masa total aflorado debido al bombeo de Ekman (Vcurl) o al trans-
porte de Ekman (Vcoast). Las velocidades verticales en la banda costera son consi-
derablemente mayores que aquellas generadas por el bombeo de Ekman océano
afuera, pero el área total con bombeo de Ekman positivo es mucho mayor que la
banda influenciada por afloramiento costero, de modo que el volumen de agua
aflorado por ambos procesos tiene el mismo orden de magnitud. Las anomalías
de estos dos procesos (Figuras 6.14b y c) presentan una correlación de similar
magnitud con la biomasa (Tabla ??). Sin embargo, el bombeo de Ekman presenta
una mayor correlación con DSSH.
Un balance de PO4 ha sido calculado en una caja que excluye la banda costera,
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Figure 6.14: Serie temporal de anomalías mensuales promediadas en la región de
estudio (latitudes 10-24◦N, desde 40◦O hasta costa, primeros 80 m de profundi-
dad). (a) Distancia a la isolínea de -18 cm de altura superficial del mar y biomasa
fitoplanctónica representada por la línea negra, (b) volumen de agua aflorado
por rotacional del viento y (c) por transporte de Ekman costero. (d) Anomalías
del transporte vertical de PO4 a 80 m y del transporte de PO4 zonal a 18◦O (po-
sitivo hacia el oeste) en una caja que excluye la banda costera (latitudes 10-24◦N,
longitudes 40-18◦O, primeros 80 m de profundidad).
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con el objetivo de encontrar la importancia relativa que tienen el afloramiento
costero y el bombeo de Ekman en definir la variabilidad interanual de la zona de
alta clorofila. De este modo podemos examinar la importancia de los nutrientes
que, habiendo aflorado en la banda costera, son advectados zonalmente a océano
abierto frente a la importancia de los nutrientes que son transportados vertical-
mente por bombeo de Ekman. La caja está delimitada por las latitudes 10 y 24◦N,
las longitudes 40 y 18◦O, desde la superficie hasta los 80 m de profundidad. La
figura 6.14 muestra las anomalías del transporte vertical de PO4 a 80 m y del
transporte zonal a 18◦O (valores positivos son hacia océano abierto) en esta caja
que excluye la banda costera. La importancia del transporte zonal aumenta en
relación con el transporte vertical, comparado con la caja que incluye la banda
costera. La mayoría de los nutrientes que son transportados al interior de la caja
a través de 18◦O son consumidos dentro de la misma, ya que el transporte ha-
cia el oeste a 40◦O es muy pequeño (no se muestra). Aún así, las anomalías del
transporte vertical de PO4 son mucho mayores que las anomalías del transporte
zonal (Figura 6.14c). Esto indica que los nutrientes transportados desde la región
costera tienen un impacto menor en la extensión de la región de alta clorofila.
Una cuestión adicional es si la variabilidad en la clorofila está dominada por
cambios en la intensidad del bombeo de Ekman, o por desplazamientos en la
frontera entre el dominio de bombeo positivo y bombeo negativo. Para tratar
esta cuestión, hemos comparado un año con extensión pequeña del área de alta
clorofila (1980), con un año con extensión elevada (1961). La Figura 6.15 muestra
los términos advectivos y difusivos del balance de PO4 durante 1961 y 1980. En
ambos años, el aporte vertical de PO4 (wPO4) representa la mayor fuente de nu-
trientes. En 1961, wPO4 se duplica, la mezcla permanece más o menos constante
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Figure 6.15: Esquema de propiedades relevantes promediadas en un año con ba-
jas concentraciones de clorofila (1980, izquierda) y en un año con altas concentra-
ciones de clorofila (1961, derecha). Las concentraciones de clorofila (mg m-3) se
muestran en color, la isolínea negra marca los -18 cm de SSH, la línea blanca es
el contorno con rotacional de la tensión del viento igual a cero, las flechas sólidas
representan los distintos componentes advectivos del balance de PO4 y las flechas
curvas representan el término de mezcla (todos los componentes en mol m-2 s-1).
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y el transporte hacia el norte a 10◦N se triplica. El transporte vertical hacia super-
ficie y el transporte hacia el norte a 10◦N están conectados a través del desarrollo
del Domo de Guinea, la recirculación ciclónica situada en la parte sur de la región
de estudio (Mazeika, 1967). Un reforzamiento del domo genera un incremento en
las velocidades verticales positivas y también en el transporte hacia el norte en
la parte este del domo, localizada alrededor de los 20◦O. El área con SSH menor
que -18 cm aumenta en 1961, principalmente al sur de 18◦N. El contorno con
rotacional de la tensión del viento igual a cero, que define la frontera entre el do-
minio de subucción del giro subtropical y el de afloramiento en la región costera
y el giro tropical, permanece cercano a la costa al norte de 16◦N. Al sur de 16◦N,
el contorno cero se encuentra desplazado hacia el norte en 1961. Al explorar la
evolución mensual del contorno cero, encontramos que el desplazamiento tiene
lugar principalmente en los meses de invierno (Figura 6.16). Este patrón se repite
al examinar otros años en que el área con elevada concentración de clorofila es
anómalamente grande.
Un número reciente de estudios han atribuido a la estratificación un papel
fundamental en determinar la producción primaria en los giros subtropicales (p.
ej. McClain et al., 2004; Polovina et al., 2008), con la idea que al aumentar la es-
tratificación, la mezcla vertical disminuye y con esto disminuye la transferencia
de aguas más ricas en nutrientes a la capa fótica. La correlacón que encontramos
en este trabajo entre estratificación y clorofila superficial o producción primaria
integrada en la capa fótica es muy débil. En cambio, la variabilidad en la frontera
entre el dominio de afloramiento y el de subducción, y la intensidad del bombeo
de Ekman influencian la cantidad de nutrientes transferidos a la capa fótica. Esta
variabilidad inducida por el viento es la principal fuerza que determina la exten-
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Figure 6.16: Mapas que muestran diferencias en Vcurl (Sv) entre 1961 y 1980, un
año con extensión pequeña y con extensión elevada del área de alta clorofila, res-
pectivamente. El mapa de la izquierdamuestra la diferencia durante los meses de
invierno (de enero a marzo); el mapa de la derecha muestra la diferencia durante
los meses de verano (de julio a septiembre). El contorno en gris oscuro muestra
la línea con rotacional de la tensión del viento igual a cero en 1961, la línea gris
clara durante 1980. La región de estudio corresponde al interior del rectángulo
negro.
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sión interanual de la región con altas concentraciones de clorofila en el margen
subtropical del Atlántico Nororiental.
6.5 Conclusiones y trabajos futuros
6.5.1 Conclusiones
¿Actúa el sistema frontal de Cabo Verde como una barrera efectiva entre las
dos masas de aguas centrales?
Las masas de aguas centrales con origen en el norte y el sur muestran dife-
rentes propiedades físico-químicas. El NACW es más cálida, salina, y tiene una
menor concentración de nutrientes y oxígeno disuelto, comparado con el SACW.
El frente de Cabo Verde representa el encuentro de estas dos masas de agua en
la región subtropical del Atlántico Nororiental. El frente ha sido descrito como
una barrera entre las dos masas de agua centrales donde encontramos mezcla
epipicna y con menos frecuencia, mezcla diapicna (Tomczak, 1981; Zenk et al.,
1991). En este trabajo proponemos que la mezcla por doble difusión aumenta la
transferencia horizontal de calor que resulta en el suavizado de los gradientes
de temperatura a través del frente, comparado con otras propiedades como sal,
nutrientes u oxígeno disuelto.
¿Cómo interaccionan el frente de afloramiento costero y el sistema frontal
de Cabo Verde?
Además del frente de Cabo Verde que separa aguas centrales de origen del
norte y del sur, un segundo frente existe en la región costera entre las aguas re-
170
Chapter 6. Resumen en español
cientemente afloradas, y las aguas costa afuera. Proponemos que el entramado
frecuentemente encontrado en el frente de Cabo Verde puede haber tenido como
originen estructuras mesoscalares características del frente de afloramiento cos-
tero, las cuales converge hacia Cabo Blanco y son transportadas hacia el océano
abierto.
¿Presentan los intercambios de masa y nutrientes entre la región de aflo-
ramiento costero y el océano abierto variabilidad estacional?
El transporte costa afuera a lo largo de la costa noroeste africana es máximo
alrededor de Cabo Blanco, sobre los 21◦N. Es de esperar que la convergencia de
la Corriente Canaria de Afloramieto que fluye hacia el sur, y la Corriente de Mau-
ritania hacia el norte durante el verano y otoño produzca una intensa exportación
costa afuera. Durante el invierno y la primavera se espera que la convergencia
meridional se reduzca sustancialmente. El conjunto de datos recogido durante
primavera de 1973 y otoño de 1975 exhibe en efecto transportes máximos de costa
afuera alrededor de Cabo Blanco pero, contrariamente a lo esperado, el transporte
máximo se produce durante la primavera en el área al sur de Cabo Blanco.
¿Cambia con el tiempo la posición del sistema frontal de Cabo Verde?
Tradicionalmente, la posición del frente de Cabo Verde ha sido definida por
la localización de la isohalina 36 a 150 m de profundidad. Utilizando esta defini-
ción, encontramos el frente en 21◦N durante la primavera de 1973, en 22.5◦N
durante el otoño de 1975, y en 23.3◦N durante otoño de 2008. Una imagen más
clara del frente viene dada por los porcentajes de masas de agua. Utilizando la
isolínea del 50% en contenido de una masa de agua como división entre aguas
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de origen del norte y del sur, vemos como el frente se encuentra inclinado hacia
el norte en profundidad. Durante el otoño del 2008 el frente se localiza en 24◦N
en los primeros 250 m de la columna de agua, y en 25◦N por debajo. Esta incli-
nación puede ser causada por el transporte hacia el sur de NACW, asociado con
la Corriente Canaria de Afloramiento.
¿Cuál es el origen del mínimo subsuperficial en salinidad que frecuentemente
encontramos en el dominio de las aguas centrales del Atlático Sur?
El mínimo de salinidad y máximo de oxígeno relativos encontrados sobre los
300 m de profundidad dentro del dominio del SACW, claramente visible en di-
agramas θ-S, nos hizo preguntarnos si se trataba de la huella de SACW menos
diluída de origen tropical. La distinción de un tipo de agua central adicional de
origen sureño en el análisis OMP ha permitido inferir un camino de propagación
para la variedad de SACWmenos salina y rica en oxígeno (SACW*). Estamasa de
agua podría ser advectada hacia el norte por la Corriente hacia el Polo, mientras
el tipo tradicional de SACW habría experimentado mezcla con el NACW.
¿Cómo es la distribucón meridional de las masas de agua centrales e inter-
medias en el noroeste africano?
El sistema frontal de Cabo Verde representa una transición rápida entre aguas
centrales de origen sur y norte. La variedad menos diluída de SACW no se ex-
tiende al norte del frente pero parte del tipo de SACW más diluído se encuentra
al norte del frente de Cabo Verde sobre el talud. En niveles intermedios, la tran-
sición entre Aguas Antárticas y Mediterráneas es mucho más suave que en las
capas centrales.
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¿Reproduce adecuadamente el modelo acoplado de última generación MOM4/
TOPAZ las características dinámicas observadas en la región subtropical del
Atlántico nororietal?
Elmodelo biogeoquímico TOPAZ, acoplado al modelo de circulación oceánica
global MOM4, ha mostrado una correcta reproducción de las principales carac-
terísticas dinámicas y de la variabilidad estacional e interannual de la clorofila
observadas en la región de estudio. La variabilidad de la clorofila en la región
subtropical del Atlántico Nororiental y las causas que generan esta variabilidad
han sido investigadas utilizando 49 años de datos del modelo.
¿Qué componente del transporte de nutrientes domina: advección horizontal,
vertical o mezcla difusiva?
La evaluación del balance de nutrientes en la capa fótica (primeros 80 m) de la
región de estudio muestra que la advección vertical de nutrientes es el principal
impulsor de la variabilidad interanual de la clorofila, aunque el transporte hacia
el norte a través de la frontera sur es también considerable. La mezcla difusiva
explica únicamente el 9% de la variabilidad interanual de la clorofila.
La variación en el transporte vertical de nutrientes, ¿viene determinada por
la variación en la velocidad o en la concentración de nutrientes?
La variación interanual en el transporte vertical de nutrientes viene determi-
nada por cambios en la velocidad, no en el gradiente de nutrientes.
¿Qué proceso tiene una mayor importancia en el transporte de nutrientes ha-
cia la superficie, el afloramiento costero o el afloramiento en océano abierto?
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Dos procesos principales traen nutrientes a la capa fótica en la región sub-
tropical del Atlántico Nororiental. El primero es el afloramiento costero; el se-
gundo, el bombeo de Ekman generado por el rotacional de la tensión del viento.
Hemos mostrado que las velocidades verticales costa afuera relacionadas con el
rotacional del viento dominan sobre las velocidades costeras inducidas por la
componente paralela a costa de los vientos en cuanto a la determinación de la
extensión del área con concentraciones de clorofila por encima de los 0.2 mg m-3.
¿Determinan los cambios de posición en la frontera suroriental del giro sub-
tropical el área con altas concentraciones de clorofila?
La intensidad del bombeo de Ekman en la región subtropical del Atlántico
Nororiental es el principal determinante de la variabilidad interanual de la ex-
tensión de la región de alta clorofila estudiada. Cambios en la frontera entre la
región de afloramiento (giro tropical) y hundimiento (giro subtropical) inducidos
por el viento son también un factor clave que determina la extensión de la región
con altas concentraciones de clorofila.
6.5.2 Trabajos futuros
∗ Los datos históricos analizados en el capítulo 2 fueron digitalizados, al ha-
llarse en colecciones impresas. Estos datos van a incluirse en bases de datos
públicas para el uso de la comunidad científica.
∗ Nos gustaría utilizar un modelo idealizado para representar el suavizado
horizontal de la temperatura que se observa a través del frente de Cabo
Verde. Con este propósito, se podría utilizar una ecuación exponencial
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(modificada de Rodríguez-Santana, 1997) para modelizar las distribuciones
desiguales de propiedades a través del frente, y estudiar su efecto en dia-
gramas propiedad-propiedad. En particular, este procedimiento facilitaría
estimar la importancia relativa de lamezcla isopicna frente a la diapicna que
da como resultado las propiedades de agua observadas en la región frontal.
∗ Un Análisis Multiparamétrico Óptimo (OMP) ha sido utilizado para inferir
la mezcla entre masas de agua en una escala intermedia de movimiento. El
análisis supone que los coeficientes de intercambio son idénticos para todas
las propiedades (p.ej. temperatura, salinidad, fosfatos, oxígeno disuelto).
Sin embargo, nuestros resultados sugieren que la temperatura se difunde
más rápidamente que todos los otros parámetros en la región frontal de
Cabo Verde. Investigaciones futuras deberían dirigirse hacia el desarrollo
de una formulación para el análisis OMP que incluya el efecto de coefi-
cientes de intercambio diferentes.
∗ La técnica OMP calcula la contribución de los distintos tipos de agua según
las distancias entre los puntos en el espacio propiedad-propiedad, supo-
niendo implícitamente que no hay ninguna diferencia entre procesos de
mezcla epipicnos o diapicnos. Estas distancias podrían ser descompues-
tas en contribuciones isopicnas y diapicnas, con pesos relativos de acuerdo
con la medida de los coeficientes difusivos correspondientes.
∗ El contenido de nutrientes en superficie varía según el tipo de masa de agua
aflorada en la costa. Un modelo físico-biológico de alta resolución podría
ser utilizado para investigar el impacto que tiene la variabilidad en la posi-
ción del frente de Cabo Verde sobre la producción primaria.
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∗ En un análisis más reciente, Peña Izquierdo et al. (2011) han conectado el
análisis de masas de agua presentado en capítulo 3 con el campo de veloci-
dades sobre el talud continental. Esta aproximación permite identificar una
conexión entre lasmasas de agua centrales, con el SACW siendo el resultado
de la mezcla entre NACW y SACW* en la región frontal de Cabo Verde.
Además, la propagación hacia el norte del SACW* está conectada con la
rama oriental de la circulación ciclónica alrededor del Domo de Guinea.
Debido a la variabilidad estacional del domo, cabría esperar que el trans-
porte del SACW* oscilara también a lo largo del año. Direcciones futuras
deberían explorar la variabilidad estacional del transporte de SACW* y su
conexión con la circulación del Domo de Guinea.
∗ En capítulo 4, datos de un modelo han sido analizados con el fin de com-
prender la variabilidad estacional de la clorofila en la región subtropical del
Atlántico Nororiental. El mismo modelo de circulación oceánica acoplado
al modelo biogeoquímico, o un modelo de mayor resolución si estuviera
disponible, podría ser utilizado para investigar el reabastecimento estacional
de nutrientes en la región del Domo de Guinea sugerido por Pelegrí et al.
(2006).
∗ La variabilidad interanual de la clorofila mostrada en los 49 años de datos
del modelo podrían ser examinados en cuanto a su conexión con la varia-
bilidad a gran escala de los modos climáticos. Sería importante explorar
la conexión entre la variabilidad de la clorofila y varios índices climáticos
como la Oscilación del Atlántico Norte o el Modo Meridional Atlántico.
∗ Hemos visto que la extensión del área con altas concentrciones de clorofila
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en la región de Cabo Blanco está relacionada con procesos de gran escala,
afectando la totalidad de la parte este del giro subtropical. Hemos visto
cambios en esta extensión debidos a variaciones de la dinámica en ambos
lados del sistema frontal de Cabo Verde, específicamente a lo largo del área
de convergencia meridional, la cual está relacionada con la intensidad del
afloramiento costero, y la divergencia superficial costa afuera, o bombeo de
Ekman positivo. Pero estas dos regiones no están aisladas, están conectadas
por las fuentes de agua, aguas arriba, i.e. la Corriente de Azores en la región
del norte y la Contracorriente Norecuatorial en la región del sur. Queda por
estudiar cuáles son los mecanismos a gran escala que pueden controlar la
intensidad de estas fuentes aguas arriba y cuál es su efecto en el noroeste
africano.
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Appendix A
Adiabatic approximation
The following analyses show that during winter surface waters off Cape Blanc
modify their temperature by about 0.1◦C in time-periods of 10 days, a small-
enough change so that winter SST images may be used to track the motion of
surface water parcels. Consider first the heat balance during winter (January-
February) for the upwelling region in the tropical-subtropical edge of the eastern
North Atlantic, with heat gain of about 20 W/m2 (Bunker, 1976; Hsiung, 1986;
Pelegrí et al., 1997). Assume this energy flux to be distributed over 50 m (a con-
servative value for the surface mixed layer shoreward from the upwelling front).
The energy flux per unit volume becomes
δe
δt
=
20Wm−2
50 m
= 0.4 Jm−3s−1, (A.1)
where δe stands for changes in internal energy per unit volume. This flux is re-
lated to the rate of change of potential temperature,
δe
δt
= ρcp
δθ
δt
, (A.2)
where cp is specific heat. For sea-surface pressures and typical seawater salinities,
cp ∼= 4000 Jkg−1 ◦K−1, so that the temperature change in ◦C is given by
δθ = 10−7 ◦C s−1δt, (A.3)
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with δt in seconds. For a time lapse δt = 10 days ∼= 106 s this relation gives
δθ = 0.1◦C.
Alternatively we may use the winter density flux values reported by Schmitt
et al. (1989). Note that these authors presented seasonal maps for the haline den-
sity flux and the combined haline and heat density flux, which show that during
winter the haline contribution is one order of magnitude smaller than the heat
contribution. The density flux is related to the rate of change of potential temper-
ature by
δρ
δt
= −αρδθ
δt
(A.4)
where α is the thermal expansion coefficient. Consider a density flux of 2 ×
10−6 kg m−2 s−1, and again suppose this is to be distributed over a water col-
umn 50 m deep, so that δρδt = 4× 10−8 kg m−3 s−1. The temperature change is
again given by
δθ = 10−7 ◦C s−1δt, (A.5)
so that a time lapse δt = 10 days ∼= 106 s gives δθ = 0.1◦C. This temperature
change is sufficiently small to justify our winter adiabatic approximation for the
upwelling region off Cape Blanc.
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Double diffusion and the Turner
angle
The density ratio (Turner, 1973)
Rρ =
α∂zθ
β∂zS
(B.1)
is a parameter that has been widely used to compute the nature (salt-finger or dif-
fusive regime) and intensity of double-diffusive activity. Here α = −ρ−1∂θρ is the
thermal expansion coefficient and β = ρ−1∂Sρ is the haline contraction coefficient
of seawater. When the stratification of the water column is such that fresh cool
waters overlie salty warm waters the diffusive regime prevails. Both ∂zθ and ∂zS
are negative and Rρ is positive but less than one, as the salinity gradient (stabiliz-
ing component) is greater than the temperature gradient. The opposite vertical
stratification occurs for the salt-finger regime so that Rρ is positive and greater
than one. The Turner angle, analogous to Rρ but with several advantages, was
introduced by Ruddick (1983). It is defined as
Tu = tan−1
(
α∆θ − β∆S
α∆θ + β∆S
)
. (B.2)
The Turner angle characterizes several regimes with different stability condi-
tions, and its definition is sketched in Figure B.1. The vertical axis determines the
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Figure B.1: Turner angle definition, with values for the different regimes: |Tu| <
45◦ doubly stable; 45◦ < Tu < 90◦ salt finger regime; |Tu| > 90◦ unstable;−90◦ <
Tu < −45◦ diffusive regime.
relative effect of temperature gradient on the density gradient; the horizontal axis
represents the relative effect of the salinity gradient on the density gradient. For
−45◦ < Tu < 45◦ the water column is stable in terms of ∂zθ (positive gradient)
and ∂zS (negative gradient) . The salt-finger regime prevails for 45◦ < Tu < 90◦
and the diffusive regime for −90◦ < Tu < −45◦.
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MOM4 and TOPAZ∗
C.1 Modular Ocean Model
The Modular Ocean Model (MOM) is a numerical representation of the ocean’s
hydrostatic primitive equations. It is designed primarily as a tool for studying the
ocean climate system. Additionally, MOM has been used in regional and coastal
applications (Griffies et al., 2008). The model’s main algorithm development and
software engineering is provided by NOAA’s Geophysical Fluid Dynamics Lab-
oratory (GFDL). MOM evolved from numerical ocean models developed in the
1960’s-1980’s by Kirk Bryan and Mike Cox at GFDL (Cox, 1984). After the re-
lease of the first version of MOM (Pacanowski et al., 1991), the code has been
updated to include sofware engeneering developments. Physical parameteri-
zations, dynamical schemes, diagnostics, etc., have also been rewritten and/or
added. Version 4 of MOM is a z-coordinate ocean model with 50 vertical levels.
The top 230 m are composed of 23 layers of 10 m each, leaving 27 layers of in-
creasing thickness to a maximum of 366 m thick at the bottom (5500 m). The hor-
izontal resolution is 1◦ with higher latitudinal resolution of 1/3◦ near the equa-
tor. Bottom topography is represented using the Pacanowski and Gnanadesikan
(1998) partial cells. Vertical mixing schemes include time independent depth
profile of Bryan and Lewis (1979), the Richardson number dependent scheme
∗Physical and biogeochemical model description adapted from Griffies et al. (2008) and Hen-
son et al. (2009), respectively.
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of Pacanowski and Philander (1981), and the KPP scheme of Large et al. (1994).
The convection scheme by Rahmstorf (1993) is used to produce a gravitationally
stable water column. Horizontal friction schemes include constant and and grid
dependent viscosity schemes, as well as the Smagorinsky viscosity scheme im-
plemented according to Griffies and Hallberg (2000). Neutral tracer diffusion is
implemented according to Griffies et al. (1998). Likewise, Gent-McWilliams (Gent
and McWilliams, 1990; Gent et al., 1995) stirring is implemented using the skew-
diffusion method of Griffies et al. (1998).
The model is forced with a mixed boundary coupler through a dynamic sea
ice model with active estimation of outgoing fluxes of freshwater and longwave
radiation. Incoming fluxes of wind stress, freshwater flux, shortwave and long-
wave radiation are prescribed as boundary conditions from the Common Ocean-
Ice Reference Experiment (CORE) version 2 reanalysis effort (Griffies et al., 2009;
Large and Yeager, 2009), with interannual varying fields for the period 1958 -
2006. Near-surface wind speed, air temperature and relative humidity are avail-
able from 1958 onward, allowing interannually varying calculations of the air-sea
turbulent fluxes. Radiative components of the air-sea flux are available from 1983,
and precipitation since 1979. Data prior to these years are filled with the clima-
tological annual cycle. Runoff is only available as a climatological annual value,
and thus contains no information on interannual variability.
C.2 TOPAZ
Tracers for Ocean Phytoplanktonwith Allometric Zooplankton (TOPAZ) is a state
of the art model that represents the oceanic ecosystems and biogeochemical cy-
cles. TOPAZ considers 22 tracers including three phytoplankton groups, labile
and semilabile dissolved organic matter, heterotrophic biomass, and dissolved
inorganic species for C, N, P, Si, Fe, CaCO3 and O2 cycling. The model includes
such processes as gas exchange, atmospheric deposition, scavenging, N2 fixation
and water column and sediment denitrification, and runoff of C, N, Fe, O2, alka-
linity and lithogenic material. Growth rates are modeled as a function of variable
chlorophyll to carbon ratios and are colimited by nutrients and light. Photoac-
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dPO4
dt = -
duPO4
dx -
dvPO4
dy -
dwPO4
dz +mixing+ jPO4
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Figure C.1: Schematics of PO4 time rate of change (Equation 4.3). POP, particulate
organic phosphorus; Di, Lg and Sm, diazotrophs, large and small phytoplankton,
respectively; DOP, dissolved organic phosporus; NHET, heterotrophic bacteria;
SDOP and LDON*P:N, semi-labile and labile dissolved organic phosphorus, re-
spectively; fPOP, flux of POP.
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climation is based on the Geider et al. (1997) algorithm, extended to account for
colimitation bymultiple nutrients and including a parameterization for the role of
iron in phytoplankton physiology (following Sunda and Huntsman, 1997). Loss
terms include zooplankton grazing and ballast-driven particle export. Reminer-
alization of detritus and cycling of dissolved organic matter are also explicitly
included (Dunne et al., 2005). The ecosystem is based in three classes of phyto-
plankton. The small class dominates when growth rates are low. This small size
class resists sinking. Large phytoplankton represent diatoms and other phyto-
plankton that bloom and sink quickly. Finally, diazotrophs fix nitrogen directly.
The phytoplankton functional groups undergo co-limitation by light, nitrogen,
phosphorus and iron, and each class can have different growth rates and nutri-
ent stoichiometry. Wet and dry dust deposition fluxes are prescribed from the
monthly climatology of Ginoux et al. (2001) and converted to soluble iron us-
ing a variable solubility parameterization (Fan et al., 2006). TOPAZ includes a
simplified version of the oceanic iron cycle including biological uptake and rem-
ineralization, particle sinking and scavenging and adsorption/desorption.
In Chapter 4, a phosphate (PO4) budget is computed to investigate the rela-
tive importance of nutrient supply in the study region through lateral advection,
vertical advection and mixing. Figure C.1 illustrates the physical and biological
terms that contribute to PO4 variability in Equation (4.3). Uptake from the three
phytoplankton classes (a) is the biological PO4 sink, while remineralisation from
grazing (b), remineralisation from dissolved organic matter (c) and from particu-
lated organic matter (d), constitute the biological sources. Advection and mixing
represent the physical component of PO4 variability.
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